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 Due to the current trend of increased carcass weights, there is concern that chilling 
capabilities may become compromised, affecting pork quality and sensory traits. Therefore, the 
objective was to characterize fresh pork quality and sensory traits of carcasses ranging from 78 
to 145 kg (average ~119 kg). Hot carcass weight (HCW), back fat depth, and loin depth was 
measured on 666 carcasses. Loin pH, instrumental and visual color and iodine value of the clear 
plate fat (all 3 layers) was measured on approximately 90% of the population. Quality 
measurements of the ham, 14 d aged loin and chop, and loin chop (cooked to 71°C and 63°C) 
shear force (SSF) and trained sensory panels (tenderness, juiciness, pork flavor, and other flavor 
descriptors (beef, brown/roasted, bloody/serumy, fat-like, metallic, liver-like, umami, overall 
sweet, sweet, sour, salty, bitter, rancid, heated oil, chemical, musty/earthy/hummus, spoiled-
putrid, and buttery) were evaluated on approximately 30% of the population. Myosin heavy 
chain fiber type determination was completed on 49 carcasses. Slopes of regression lines and 
coefficients of determination between HCW and quality traits were calculated using the REG 
procedure in SAS and considered significantly different from 0 at P ≤ 0.05. As HCW increased, 
loin depth (ß1 = 0.2496, P < 0.0001), back fat depth (ß1 = 0.1374, P < 0.0001), loin weight (ß1 = 
0.0345, P < 0.0001), and ham weight (ß1 = 0.1044, P < 0.0001) increased. Estimated lean (ß1 = -
0.0751, P < 0.0001) and iodine value (ß1 = -0.0922, P < 0.0001) decreased as HCW increased, 
where HCW accounted for 24% (R2 = 0.24) of the variation in estimated lean and 7% (R2 = 0.07) 
of the variation in iodine value. However, HCW did not explain variation in ham quality traits (P 
> 0.15) and did not explain more than 1% (R2 ≤ 0.01) of the variation in 1 d loin color or pH. As 
HCW increased, chops became more tender as evidenced by a decrease in SSF (71°C ß = -
0.0674, P < 0.0001; 63°C ß = -0.0217, P = 0.0167) and an increase in panel scores (71°C ß = 
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0.0270, P < 0.0001; 63°C ß = 0.0202, P < 0.0001). Water-holding capacity increased with 
increased carcass weights (decreased loin purge loss ß = -0.0110, P = 0.0005; 71°C cook loss ß = 
-0.0512, P < 0.0001; 63°C cook loss ß = -0.0287, P < 0.0001). However, HCW explained less 
than 7% of the variation for any flavor profile trait. Additionally, hot carcass weight did not alter 
(P > 0.22) muscle fiber type percentage or area. Due to the lack of variation explained by HCW, 
these results suggest that increasing HCW to an average of 119 kg did not compromise fresh 
pork quality or sensory traits. Furthermore, these results suggest that increasing HCW resulted in 
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 The U.S. pork industry has experienced a 0.6 kg/year increase in hot carcass weight 
between 1995 and 2018 (USDA ERS, 2018). Carcass weights have increased from 82 to 96 kg, 
which represents approximately a 17% increase over this 23-year period. If this rate of increase 
remains steady, the average pork carcass weight in the U.S. is predicted to be approximately 105 
kg by 2030 and 118 kg by 2050. While this represents an increase in throughput and efficiency 
due to increases in economy of scale, projecting continued increases in weights in the future 
raises some concerns for the pork industry. During the same time, the poultry industry has 
experienced an increase in live broiler weight, reporting a 0.73 kg increase since 1995, which is a 
34% increase in 23 years (USDA ERS, 2018). Selection pressure for greater live weights in 
broilers has also resulted in allometric changes, as seen by almost a 5% increase in breast meat 
yield (Petracci et al. 2015). With the rapid increase in growth rate and size of U.S. poultry, the 
industry has observed an increased prevalence of muscle myopathies such as woody breast 
syndrome, muscle stripping, and pale, soft, and exudative meat (PSE). These conditions lead to 
poorer eating experiences and reduced consumer confidence (Kuttappan et al., 2016).  
 Breast meat fillets affected by myopathies are often sold at discounted prices or reworked 
into ground and further processed products (Gee 2016). Kuttappan et al. (2016) reported these 
conditions could result in an excess of approximately $200 million per year loss for the poultry 
industry due to reduced yield (trimming, drip loss, cook loss, etc.) and lost value if a product is 
discounted or discarded. Similarly, the pork industry estimated a total loss opportunity cost of 
approximately $250 million due to pale, soft, and exudative (PSE) related pork quality issues 
(Schultz-Kaster and Hill, 2006). Although the increased growth rates observed in the poultry 
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industry are twice the magnitude observed in the pork industry, there are still concerns that 
continual increases in pork carcass weights may result in poorer meat quality and negative eating 
experiences, resulting in potential economic losses. 
 Therefore, the objective of this literature review is to discuss how increasing hot carcass 
weight may affect the pork industry. Specifically, how carcass weight relates to carcass 
characteristics (fat depth, loin depth, estimated lean, and iodine value) as well as loin and ham 
quality (pH, water-holding capacity, instrumental color, visual color, visual marbling, subjective 
firmness, instrumental tenderness, and sensory traits).   
GROWTH AND DEVELOPMENT 
 
 Growth of the three primary carcass components follows a sequential order in developing 
animals of bone, muscle and fat; where the rate of bone and muscle development peak in early 
growth stages, plateauing as animals reach physiological maturity and the rate of fat deposition 
accelerates during the later growth stage (McMeekan, 1940). Myogenesis is the formation of 
muscle fibers and occurs in two stages: primary and secondary. During primary myogenesis, 
myotubes are formed during developing embyos and fetuses, creating a template for later 
muscles to build into and are generally considered slow type fibers (Chal and Pourquie, 2017). 
During secondary myogenesis, fast and slow type fibers start to develop into the template. 
Muscle growth can generally be attributed to two processes: hyperplasia (increase in the number 
of fibers) and hypertrophy (increase in the size of existing fibers) (Aberle et al., 2012). The total 
number of muscle fibers is generally considered fixed by 90-95 days of gestation in pigs and the 
greatest increase in muscle fiber size occurs after birth (Lefaucheur et al., 1995). This increase is 
accomplished by increasing diameter and length of the muscle fibers. However, porcine muscle 
mass and growth rate are associated more with muscle fiber number than fiber size (Miller et al. 
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1975). Hyperplasia occurs during both primary and secondary myogenesis, while hypertrophy is 
restricted to secondary myogenesis.  
 As live weight increases, percentage of muscle and bone in the carcass decreases and 
percentage of fat increases (Richmond and Berg, 1970). Since each of these tissues changes with 
stage of physiological maturity, maturity is an important determinant of carcass yield. The period 
from weaning to puberty allows for the greatest absolute growth rate, therefore market animals 
are considered to be mature once they hit puberty. This period has formed the target for age at 
slaughter, maximizing growth rate and optimizing the ratio of muscle to fat. Pigs are marketed to 
reach maximum profitability, which approximately corresponds with pigs reaching sexual 
maturity. While this maturity has become the target, pigs can often times be slaughtered before 
and after reaching maturity. Animals that continue to grow after sexual maturity, will exhibit a 
different utilization of energy. Energy metabolism in growing pigs is partitioned between protein 
deposition, fat deposition, and heat production (Van Milgen and Noblet, 2003). Carbohydrates in 
the diet provide the majority of the energy for pigs. End products of carbohydrate digestion may 
be used for the synthesis of ATP. A proportion of the excess energy that is not immediately 
utilized is stored as glycogen in the muscle. As animals meet maintenance requirements and 
muscle development slows, a greater proportion of energy intake is stored in fat tissue. This 
excess energy, in the form of acetyl-CoA, is used in lipogenesis to synthesize fat. Acetyl-CoA is 
converted to triglycerides for storage of fat, which is highly saturated. Fat deposition is 
proportionally greater in subcutaneous fat than other depots as animals grow and mature 
(Lawrence et al. 2012). Therefore, fat from lipogenesis is typically deposited subcutaneously as 





 The value of a pork carcass is determined based on a marketing grid that establishes a 
value to each carcass and are specific to each pork processor with premiums based on carcass 
weight and predicted fat free lean. Hot carcass weight is a measurement taken after the hair, 
head, viscera, and pluck of pork carcasses have been removed and prior to chilling. Carcass 
weight can greatly influence multiple carcass characteristics and primal weights. There are 
several methods available for the evaluation of percent fat-free lean or expected lean yield for 
pork carcasses. The most accurate method is to completely separate the lean, fat and bone from 
the carcass and calculate each percentage (Ray, 2019). However, this is highly impractical, as it 
requires time, labor, and knife skill. Therefore, regression equations to estimate percent fat-free 
lean are commonly used by the industry with each packer applying their own procedure to 
estimate percent lean. However, processor’s pay for estimated lean and carcass weight vary 
depending on the individual processor needs (e.g. lean vs quality). These regression equations 
often require hot carcass weight, an estimate of fat, and an estimate of muscle. Since pork 
carcasses are typically not ribbed, packers use various instruments to measure backfat and loin 
depth and the locations of these measurements can vary. Pringle and Williams (2001) reported 
that fat thickness is the most important determinant of cut and carcass yields. Therefore, the 
predicted percentage of fat-free lean is greatly affected by carcass weight, fat depth, and loin 
depth as well as the location of these measurements.  
Backfat Thickness and Loin Depth  
 
 Backfat is a measurement of subcutaneous fat, which consists of three layers. The outer 
layer of fat is deposited relatively early in the growth process, the middle layer continues to 
increase as animals grow and develop to a mature weight, and the inner layer (directly over the 
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longissimus muscle) develops near the end of the growth process, is typically small in size, and 
may not develop at all (Lonergan et al. 2019). Rates of lipogenesis tend to be greater in the 
middle layer of backfat, resulting in a greater increase in thickness of this subcutaneous fat depot 
(Anderson et al. 1972; Hood and Allen, 1977; Camara et al. 1996). If the carcass is ribbed, we 
measure fat depth on the midline at three-quarters of the width of the loin muscle from the 
medial side, between the tenth and eleventh ribs (Aberle et al., 2012). Additionally, if the carcass 
has been ribbed, loin eye area is measured using a plastic grid and counting the dots that fall 
within the boundaries of the muscle and then converting to square inches (Ray, 2019). If the 
carcass has not been ribbed, ultrasonic-type probes or optical probes can be used to measure 
backfat and loin depth on the carcass midline opposite of the last rib. Ultrasonic probes use 
sound waves above the frequency which humans can hear. These sound waves travel through 
soft tissue and are reflected back off of denser surfaces, corresponding to different speeds 
depending on the type of tissue (Aberle et al., 2012). Optical probes work based on the 
difference in the reflectance of light between muscle tissue and fat in order to measure fat depth 
(Pomar et al., 2002). Muscle has a greater percentage of moisture compared to fat, which creates 
a difference in the reflected light between the two tissues allowing the probe to differentiate 
them. A common optical probe is the Fat-O-Meter probe and functions by inserting a self-
piercing probe, containing a fiber optic window, perpendicular to the longissimus dorsi muscle, 
between the 10th and 11th rib to measure backfat and loin depth (Aberle et al., 2012). Huff-
Lonergan et al. (2002) reported that carcass weight was positively correlated with 10th rib 
backfat thickness (r = 0.27). In a review of heavy weight pig studies, Wu et al. (2017) reported 
an average increase in backfat of 1.8 mm and an average increase in loin muscle area of 1.95 cm2 
per 10 kg increase in marketing weight. Additionally, many studies observed a reduction in 
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percentage fat-free lean with increased market weights, most likely due to the increased backfat 
observed in heavier pigs (Wu et al., 2017). 
Iodine Value  
  
 In the U.S. pork industry, subcutaneous adipose tissue iodine value (IV) is commonly 
used to measure adipose tissue quality. Iodine value is the mass of iodine in grams that is 
consumed by 100 grams of a particular lipid and is often used to determine the degree of 
unsaturation of a fatty tissue; the greater the percentage of saturated fatty acids present, the lower 
the iodine value. Saturated fatty acids present a more solid structure at room temperature while 
unsaturated fatty acids present a liquid structure. Given fat tissue containing a greater proportion 
of unsaturated fatty acids it is considered to be less firm; therefore, the iodine value can be used 
as an indicator of overall carcass firmness (DeRouchey et al., 2010). There are various methods 
used to measure iodine values; direct laboratory analysis of the iodine binding to unsaturated or 
double bonds in fatty acids, calculated from a fatty acid analysis, and near-infrared analysis 
(NIR). The most common regression equation (AOCS, 1998) is:  
AOCS Iodine value = % C16:1 (0.95) + % C18:1 (0.86) + % C18:2 (1.732) + % C18:3 (2.616) + 
% C20:1 (0.785) + C22:1 (0.723). 
Another regression equation (Meadus et al. 2010) that is commonly used which includes 
additional long chain fatty acids is:  
Meadus Iodine value = % C16:1 (0.95) + % C18:1 (0.86) + % C18:2 (1.732) + % C18:3 (2.616) 
+ % C20:1 (0.795) + % C20:2 (1.57) + % C20:3 (2.38) + % C20:4 (3.19) + % C20:5 (4.01) + % 
C22:4 (2.93) + % C22:5 (3.68) + % C22:6 (4.64).  
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However, near-infrared analysis is becoming widely used in the U.S. pork industry, as it is the 
most rapid method for determining iodine values as it does not require any sample preparation.  
 Dietary ingredients and the fatty acid composition of those ingredients can affect carcass 
fat composition (Apple et al. 2009). Additionally, fat synthesis through lipogenesis will affect the 
fat depot location and saturation of the fatty tissues. Testroet et al. (2017) reported that 
increasing the iodine value, in the jowl specifically, caused fresh pork quality to decrease. Harsh 
et al. (2017) reported that as hot carcass weight increased, adipose tissue from the clear plate had 
a greater degree of saturation, however carcass weight only explained less than 11% of the 
variation in IV. However, it is important to note that the previous study had an average carcass 
weight of 96 kg, representing the U.S. industry average today. Additionally, Lo Fiego et al. 
(2005) observed a 0.72 unit decrease in iodine value per 10 kg increase in live weight, where 
pigs were broken into three bins, light (124 kg), middle (134 kg) and heavy (143 kg).  
Fiber Type  
 
 Skeletal muscle is composed of different types of fibers. Muscle fibers are generally 
classified by their myoglobin content (red or white), metabolism (oxidative or glycolytic), and 
speed of contraction (slow or fast); type I (red, oxidative, and slow), type IIA (red, oxidative and 
glycolytic, and fast), and type IIX and IIB (white, glycolytic, and fast) (Lee et al., 2010). Red 
fibers (type I and IIA) contain a high proportion of enzymes involved in oxidative metabolism 
and low levels of glycolytic enzymes. While, white fibers (type IIX and IIB) contain a higher 
content of glycolytic enzymes and a lower level of oxidative enzymes. Muscle exhibits a highly 
organized pattern and distribution of muscle fiber types consisting of slow-twitch fibers 
surrounded by fast-twitch fibers (Lefaucheur and Vigneron, 1986).  
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 Total fiber number and fiber type have important effects on carcass characteristics and 
meat quality in pigs (Rehfeldt et al., 2000). Muscles with a greater percentage of type I fibers and 
smaller percentage of fiber type IIB were darker in color with less drip loss (Choe et al., 2008). 
Additionally, quality attributes such as pH and color have been correlated with muscle fiber area 
of different fiber types (Kim et al., 2018). Park (2010) reported the diameter of all muscle fiber 
types in the loin increased with live weights from 110 to 140 kg.  
CONVERSION OF MUSCLE TO MEAT 
 
 Changes that occur in muscles during the initial postmortem period can contribute 
immensely to the transformation of muscle to meat and can greatly affect meat quality. The two 
largest contributors are deviations in muscle pH and temperature (Aberle et al. 2012). To 
understand the effects these factors have on pork quality, it is important to understand the 
energetic, biochemical, and physical changes that occur in the muscle postmortem. Prior to 
exsanguination, the circulatory system is in an aerobic state producing adenosine triphosphate 
(ATP) via the citric acid cycle. After exsanguination, loss of blood causes the circulatory system 
to lose ability to regulate body heat, dispose of waste, and transport oxygen throughout the body. 
This lack of oxygen causes a transition to anaerobic metabolism. Anaerobic metabolism is 
significantly less efficient at generating ATP than aerobic metabolism (2 versus 32 ATP), 
therefore causing a dramatic decrease in ATP supplies. Though the production of ATP is 
significantly less, it still provides some energy so the structural integrity of the cells can be 
maintained for a short period. Through glycolysis, pyruvate is converted to lactate. The loss of 
blood, in combination with the onset of anaerobic metabolism, weakens the membrane integrity 
of muscle cells, allowing an excess release of calcium. This calcium influx stimulates muscles to 
contract and then requires energy to relax the muscle. Muscle glycogen is broken down into 
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pyruvate and further into ATP, carbon dioxide and lactic acid. When the consumption of ATP 
exceeds that amount of ATP generated due to the lack of oxygen, lactate accumulates in the 
tissue due to pyruvate being converted to lactate. If the circulatory system were in an aerobic 
state, the lactate would be removed and transported back to the liver, via the Cori cycle, where it 
would be converted back into glycogen. However, anaerobically, excess lactate (lactic acid) 
accumulates in the muscle causing an accumulation of hydrogen ions (H+). As a result, pH 
declines from approximately 7.2 to 5.5 (Matarneh et al., 2017). The extent of the pH decline is 
primarily affected by the amount of muscle glycogen in the muscle at the time of slaughter 
(Lonergan et al., 2008). Eventually, depletion of muscle glycogen leads to the depletion of ATP 
causing muscle contractions to cease. This cascade of events contribute to the onset of rigor 
mortis, a latin term for “the stiffening of death” and typically occurs within 3 hours after 
exsanguination in pigs.   
Temperature Decline and pH  
 
 As previously stated, after exsanguination, the circulatory system no longer has the 
ability to regulate internal temperature. This causes heat accumulation and leads to an increase in 
internal temperature, rising above that of homeostatic body temperature of 39.2°C. However, 
prolonged high temperatures will increase the rate of protein denaturation and glycolysis, further 
accelerating the rate and extent of pH decline. Conversely, rapid reduction of postmortem muscle 
temperature can have negative effects on meat quality. Two conditions known as thaw rigor and 
cold shortening, result from low temperatures in the muscles before the onset of rigor mortis. 
Thaw rigor is the result of muscle being frozen before going into rigor and then thawed. Upon 
thawing, the muscle continues to contract from the leftover energy storage, shortening the 
sarcomere length causing the meat to become extremely tough. Whereas cold shortening is the 
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result of the muscle being chilled below 15-16°C before the onset of rigor mortis. In both cases, 
a cold-induced release of calcium occurs causing muscles to physically shorten in length. While 
thaw rigor is more severe, both cases can result in undesirable sensory characteristics such as 
extreme toughness (Matarneh et al., 2017). Therefore, chilling strategies that allow onset of rigor 
at 15-20°C are considered optimal for preventing extreme shortening and potential tenderness 
issues (Matarneh et al., 2017).  
 Decreases in muscle pH and temperature regulation are two of the most significant 
factors affecting meat quality postmortem. Normal pH decline occurs gradually from 
approximately 7.2 in living animal to an ultimate pH of 5.5 at approximately 24 hours 
postmortem (Matarneh et al., 2017). Two well-known and well-characterized pork quality 
defects involving pH decline and temperature decline are pale, soft, and exudative (PSE) and 
dry, dark, and firm (DFD). Pale, soft, and exudative pork is abnormally light in color, soft 
textured, and unable to hold water. This defect is caused by excessively rapid pH decline and 
elevated muscle temperatures. The combination of low pH and high temperatures leads to 
denaturation of proteins in muscle, a loss of protein solubility, water and protein binding 
capacity, and color intensity. Conversely, DFD pork is characterized by its abnormal dark color, 
firm texture, and dry surface. This defect occurs when the pH remains relatively high 
(approximately 6.2) and is a function of muscle glycogen deficiency. This deficiency limits the 
decline in pH and minimizes protein denaturation; thus, muscle becomes darker in color, firmer 
textured, and has greater water-holding capacity (WHC). Therefore, pH decline and temperature 
decline are the two dominate factors affecting pork quality, specifically color change, texture, 
and WHC. It is important to note that PSE can also be a result of pre-slaughter stress. This stress 
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will cause a greater glycogen build up within the muscles; thus converting to lactic acid 
postmortem and causing a rapid decline in pH.  
 Since temperature decline has the ability to affect meat quality, it is important to 
understand the relationship between increasing carcass weights and temperature decline. Heavier 
carcasses have a smaller surface area to volume ratio, which compromises the ability to reach 
desired internal temperatures at the same rate as lighter carcasses. Previous work has 
demonstrated that ham temperature decline lags behind loin temperature decline continuously 
throughout the chilling process and even at fabrication at 22 h postmortem (Arkfeld et al., 2016). 
Overholt et al. (2019) reported that loins and hams from carcasses weighing 105 kg chilled 
slower than those from carcasses weighing 85 kg. When comparing chilling systems, carcasses 
that chill slower tend to produce loins which are paler in color, have less perceived visual 
marbling, but are more tender compared to loins that chill more rapidly (Shackelford et al., 
2012). However, there is limited research on the effects of carcass weight on pork quality at 
weights projected above today’s average of 96 kg. 
PORK QUALITY 
 
Ultimate pH  
 
 As previously mentioned, ultimate pH is measured at 24 h postmortem and is defined as 
the hydrogen ion concentration within the muscle. This is measured on a scale of 0 (acidic) to 14 
(basic) where a pH of 7 indicates a neutral solution. The normal ultimate pH of meat is typically 
between 5.3 and 5.7 but can vary between species (Aberle et al., 2012). Wu et al. (2017) reported 
in a review of published literature, a decrease in ultimate pH as carcass weight increases. 
Cisneros et al. (1996) and Park and Lee (2011) both reported a 0.02 unit reduction in 24 h loin 
pH for every 10 kg increase in live weight. Similarly, Harsh et al. (2017) reported a 0.02 unit 
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reduction in 24 h loin pH for every 10 kg increase in hot carcass weight. In contrast, Beattie et al. 
(1999) and Martin et al. (1980) both reported no differences in 24 h loin pH when comparing 
pigs with increasing live weights from 92 to 131 kg and 73 to 137 kg. However, an increase in 
ultimate pH of 0.02 and 0.01 units, respectively, per 10 kg increase in live weight was observed 
by Piao et al. (2004) and Bertol et al. (2015). When evaluating ham pH, results seem to vary 
between studies. Harsh et al. (2017) observed no differences in the semimembranosus pH as 
carcass weight increased. However, Virgili et al. (2003) observed a 0.05 unit reduction in pH of 
the semimembranosus as live weight increased by 10 kg. Durkin et al. (2012) observed a 
quadratic response in the pH of the semimembranosus with a 0.01 unit increase in live weight 
from 120 to 140 kg and a 0.01 reduction when live weight increased from 140 to 170 kg. It is 
interesting to speculate that the reduction observed at heavier weights may be due to a slower 
temperature decline during postmortem chilling. Furthermore, with a reduction in pH, other pork 
quality factors have the potential to be compromised.  
Water-Holding Capacity 
 
 One particular pork quality measurement that pH and temperature decline greatly affects 
is water-holding capacity. The isoelectric point of actin is considered to be nearest a pH of 5.2. 
As a muscle reaches this point during rigor, it begins to lose its ability to bind water molecules. 
The myofibrilar proteins, actin and myosin, are responsible for water binding in muscle. A rapid 
decline in pH coupled with high temperatures causes myosin to denature making it less able to 
bind to free water. Free water is dipolar, meaning it binds to proteins with a net charge, thus 
when pH declines and reaches the isoelectric point, the water-holding capacity drops 
dramatically (Lonergan, 2008). Additionally, Huff-Lonergan et al. (2002) reported that product 
with a higher degree of drip loss would also be lighter in color, less tender, have less pork flavor, 
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and have greater off-flavor (these quality measurements will be discussed later in further detail). 
There have been conflicting findings reported evaluating the effect of carcass weight on water-
holding capacity. Drip loss, a measurement of water-holding capacity, is calculated after 
suspending a chop for 24 h using the following equation: ((Initial wt, g.) / (Final wt., g)) ×100. 
Drip loss increased between 0.29 and 0.34 percentage units, respectively, for every 10 kg 
increase in weight (Cisneros et al., 1996; Virgili et al., 2003; Park and Lee, 2011). Durkin et al. 
(2012) reported pigs weighing 140 kg had less drip loss than those weighing 130, 150, and 160 
kg but no differences in drip loss between 120, 140, and 170 kg. Another measure of water-
holding capacity is cook loss, calculated by the following equation: [(initial weight, g – cooked 
weight, g)/ initial weight, g] × 100. Both Durkin et al. (2012) and Harsh et al. (2017) observed a 
reduction in cook loss of the longissimus muscle from heavier pigs.  
Color 
 
 Color is a vital measurement of meat quality as it is the most important factor affecting 
consumer purchase intent and used as an indicator of freshness (Mancini and Hunt, 2005). A 
wide range of factors including genetics, nutrition, postmortem changes (pH and temperature 
decline), postmortem storage, and processing can affect the color of meat (AMSA, 2012). 
Additionally, differences in myoglobin content in specific muscles may be due to the type of 
muscle fiber present. As mentioned before, different muscles are made up of different fiber 
types, thus those muscles with high proportions of red fibers appear darker red in color due to the 
high frequency of red fibers (Aberle et al., 2012). Pigments in meat consist of hemoglobin and 
myoglobin, where myoglobin makes up 80-90 percent of the total pigment (Aberle et al., 2012). 
Myoglobin consist of globin (a globular protein portion) and a heme ring (a non-protein portion). 
Different ligands can bind to the iron atom at the 6th coordination site, which includes diatomic 
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oxygen, carbon monoxide, water, and nitric oxide (AMSA, 2012). Myoglobin is a water-soluble 
protein containing eight α-helices linked by short non-helical sections and contains four chemical 
states, which determine meat color (AMSA, 2012). Deoxymyoglobin is the first state and has no 
ligand present and the heme iron is ferrous (Fe2+), resulting in a dark purplish-red color that is 
seen in freshly or vacuum packaged meat. The second state is oxymyoglobin, which indicates the 
meat has been exposed to oxygen and has a diatomic oxygen bound to the 6th coordination site of 
ferrous iron (Fe2+). In industry, this is known as “bloom”, which simply means oxygenation has 
occurred. This form is most commonly presented to customers and presents a bright-red color. 
Following this form is metmyoglobin, the oxidized brown colored form of myoglobin which 
typically forms over time and contains ferric iron (Fe3+). The final form of myoglobin is 
carboxymyoglobin, which occurs when carbon monoxide attaches to the vacant 6th position of 
deoxymyoglobin and produces a stable bright-red color when the environment is lacking oxygen.  
 Color can be measured both subjectively (visual appraisal) and instrumentally 
(colorimeter or spectrophotometer). Samples need to be exposed to oxygen, or allowed to bloom, 
for at least 15 minutes before color is measured. Visual appraisal, is performed by trained 
personnel who use a set of standards to assess a specific score. In the U.S. the most common set 
of standards is the National Pork Producers Council (NPPC) color standard (NPPC, 1999). 
However, worldwide grading scales include the Japanese pork color standard and the Australian 
pork color standard. Using the NPPC color standard, color is measured on a scale of 1 to 6, with 
1 being the palest colored and 6 being the darkest colored. The NPPC standards correspond to an 
instrumental color value range with a difference of 6 L* units between scores. The total L* range 
is from 31 (NPPC score of 6) to 61 (NPPC score of 1). Instrumental evaluations can be measured 
using two different devices, a colorimeter or a spectrophotometer. Both machines use their own 
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light source and different illumination conditions to evaluate color measurements using 
difference scales. A common color scale is the Commission Internationale de l’Eclairage (CIE) 
scale of L* a* and b*. The colorimeter has a set wavelength and uses a light source that 
illuminates the sample and then reflects the image through red, green, and blue filters onto 
photo-detectors (AMSA, 2012). The reflected values are then converted to XYZ or CIE L*a*b* 
values. The spectrophotometer measures the absorbance of color over several visual wavelengths 
then converts the values similarly to the colorimeter. The light source (or illuminant), degree of 
observer, and aperture size can vary between machines and need be considered when comparing 
data across studies because they can affect the proportion of the sample scanned and the amount 
of light reflected on the sample (AMSA, 2012).  
 As mentioned previously, pH and temperature decline can affect proteins ability to bind 
to free water; therefore, the free water reflects light and reduces color intensity (Aberle et al., 
2012). This cascade of events has the potential to affect meat color when carcass weights are 
increased. Studies evaluating the effect of carcass weight on meat color have reported conflicting 
results. Instrumental L* is a measurement of lightness on a scale of 0 (black) to 100 (white), 
where a lower L* value indicates a darker color and a greater L* indicates a lighter/paler color. 
Both Park and Lee (2011) and Durkin et al. (2012) observed no differences in loin L* as live 
weights increased. When comparing pigs from 116 to 133 kg, Latorre et al. (2004) reported a 
2.48 unit reduction in loin L* values for every 10 kg increase in live weight. Harsh et al. (2017) 
also observed a 0.243 unit reduction in loin L* values for every 10 kg increase in carcass weight. 
In contrast, Piao et al. (2004) observed a 1.15 unit increase in loin L* values for every 10 kg 
increase in live weight when comparing pigs weighing 100 to 130 kg. When measuring L* in 
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hams, both Virgili et al. (2003) and Harsh et al. (2017) observed a reduction in L* values as 
weights increased, meaning hams appeared to be darker in color.  
 Instrumental a* is a measurement of redness on a scale of -60 (green) to 60 (red), where a 
lower a* value indicates a more green color and a greater a* value indicates a more red color. 
Increases in a* were observed as weights increased indicating that meat color become more red 
as pigs became heavier (Latorre et al., 2004; Piao et al., 2004; Durkin et al., 2012; Harsh et al., 
2017). Specifically, Latorre et al. (2004) reported a 0.43 unit increase and Harsh et al. (2017) 
reported a 0.1 unit increase in a* values measured on the loin for every 10 kg increase in weight. 
Durkin et al. (2012) reported a 0.34 unit increase in a* values in the semimembranosus for every 
10 kg increase in live weight. Harsh et al. (2017) also reported a 0.1 unit increase in both the 
gluteus profundus and gluteus medius for every 10 kg increase in carcass weight. In contrast, 
both Virgili et al. (2003) and Park and Lee (2011) reported no differences in a* as weights 
increased.  
 Instrumental b* is a measure of yellowness on a scale of -60 (blue) to 60 (yellow), where 
a lower b* value indicates a more blue color and a greater b* value indicates a more yellow 
color. While, b* is routinely measured and reported in research, it is considered a less impactful 
measurement as it pertains to consumer perception and liking. This is due to the fact that b* 
represents the colors yellow and blue, which are not typically or intuitively related to meat 
(Mancini and Hunt, 2005). However, previous research on increased carcass weights has 
produced conflicting results. Leach et al. (1996), Latorre et al. (2004), and Virgili et al. (2003) 
observed a decrease in b* values as weights increased. In contrast, Weatherup et al. (1998), 
Beattie et al. (1999), Piao et al. (2004), and Durkin et al. (2012) all observed an increase in b* 
values with increases in live weights.  
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 Visual color scores obtained by trained personnel are subjective; therefore, not all people 
will perceive color in the same way. Humans can only detect light in the visual spectrum, which 
ranges from 390 to 750nm (AMSA, 2012). Light must be present for humans to detect color and 
when light hits the surface of meat it is absorbed, reflected, or scattered. The light reflected is 
perceived by the eye and the intensity of the blue, green, and red stimuli that is captured is then 
interpreted as a color (AMSA, 2012). Similar to instrumental measurements, increased weights 
have resulted in conflicting results in visual color. Both Cisneros et al. (1996) and Bertol et al. 
(2015) observed a decrease in visual color scores as weights increased. In contrast, Harsh et al. 
(2017) observed a 0.02 unit increase in visual color score for every 10 kg increase in carcass 
weight. Additionally, Correa et al. (2006) reported that increased slaughter weight had no impact 
on visual color scores (Japanese color standards). 
Marbling (Intramuscular Fat) 
  
 Intramuscular fat, commonly known as marbling, is fat deposited within the muscle and 
is typically the last to develop in relation to subcutaneous and intermuscular fat. Additionally, it 
is defined as the amount and spatial distribution of visible white flecks of fat present within the 
lean, specifically the longissimus dorsi muscle, and is one of the most important traits 
determining the quality of meat (Elmasry et al., 2012). Marbling is commonly evaluated visually 
and chemically, where chemically determined intramuscular fat content in pork is moderately 
correlated with marbling (van der Wal et al., 1992). Similar to color, marbling can be measured 
visually by a trained personnel using the NPPC marbling standards, where the scores correspond 
to intramuscular lipid content. Marbling is measured on a scale of 1 to 10, with 1 representing 
1% extractable lipid content and 10 representing 10% extractable lipid content (NPPC, 1999). 
Additionally, factors such as size, number, and distribution of particles is taken into 
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consideration during visual appraisal (Jones et al., 1992). Lipid content is typically quantitated 
chemically and a common method is the Soxhlet extraction. This method involves the use of a 
solvent to extract lipids out of a meat sample and is expressed as a percentage by mass (ISO 
Standard 1444). While visual appraisal and chemical analysis are the most traditional and useful 
methods in evaluating marbling, both can be time consuming and subjective due to differences in 
methods practiced across labs. Therefore, a variety of modern instrumental techniques, including 
spectroscopic techniques, imaging techniques, and hyperspectral imaging has been developed 
(Cheng et al., 2015). However, these techniques are less common and have yet to be adapted in 
pork processing plants as a means of measuring marbling. Marbling is largely variable and is 
affected by many factors such as breed, sex, diet, and age. Huff-Lonergan et al. (2002) reported 
that carcass weight was significantly, albeit lowly, correlated with marbling scores (r = 0.09). 
Most studies evaluating increased weights on marbling have concluded that there are no 
differences in marbling score or percent lipid content (Cisneros et al., 1996; Piao et al., 2004; 
Correa et al., 2006; Bertol et al., 2015; Harsh et al., 2017). Although Harsh et al. (2017) reported 
a difference in 20 d aged ventral loin surface marbling scores as carcass weight increased, the 
magnitude increase and variation (R2 = 0.0109) attributed by carcass weight was minimal and 
demonstrated little difference from 0 (ß1 = 0.004). Additionally, Park and Lee (2011) reported 
that marbling increased with increased weights from 110 to 125 kg.  
Firmness  
 
 Firmness is a term used as a part of the grading system with color and marbling. Loin 
firmness is a subjective measurement and is measured on a scale of 1 to 5, with 1 being very soft 
and 5 being very firm. Firmness can be influenced by the amount of fat present within a muscle 
because fat becomes more firm during the chilling process. Therefore, firmness is more 
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important in pork bellies due to the extensive processing they undergo. Arkfeld et al. (2015) 
reported no relationship between firmness and sensory characteristics and quality. While 
firmness does not contribute much to meat palatability, it is a quality measurement because 
firmer retail cuts retain their shape and are more attractive than softer cuts (Aberle et al., 2012). 
Huff-Lonergan et al. (2002) reported that firmness scores were not correlated with carcass 
weight. Yet, there are conflicting findings reported on firmness scores with increased weights. 
Cisneros et al. (1996) observed a 0.09 unit reduction in firmness scores for every 10 kg increase 
in weight. In contrast, Harsh et al. (2017) observed a 0.01 unit increase in firmness scores per 10 
kg increase in carcass weight. However, in that study, carcass weight attributed less than 1% of 
the variation in firmness scores.  
Tenderness 
 
 Of all meat traits studied, tenderness is considered the most important palatability trait in 
terms of eating quality (Miller et al., 2001). Tenderness can be influenced by many pre- and 
postharvest factors such as genetics, breed, age, processing conditions (rate of chilling and time) 
and degree of doneness of cooked products. Sarcomere length, connective tissue content, and 
proteolysis of myofibrils and associated proteins account for most of the variation in tenderness 
of meat after postmortem storage (Koohmaraie et al., 2002). During postmortem storage, 
carcasses or cuts are held at refrigerated temperatures for extended periods of time in a process 
known as aging which is done to improve meat tenderness (Aberle et al., 2012). Sarcomeres are 
the smallest contractile units and serves as the basic force-producing machinery of muscles. 
Sarcomere length is determined after the onset of rigor when muscle contraction ceases, where 
shorter sarcomeres will result in less tender meat. Connective tissue content of a muscle changes 
with growth, age, and functional demand. Muscles that require extensive movement and power 
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such as leg muscles will contain more connective tissue. Therefore, collagen (white fibrous 
connective tissue protein) content and cross-linkages are determined antemortem and is less 
important when comparing tenderness of meat from animals of the same age. Further, although 
postmortem proteolysis of collagen can occur, it is minimal and cross-linkages are not degraded. 
During proteolysis, there are three biologically active enzymes with important implications for 
meat tenderness: calpains, cathepsins, and proteasome. These endogenous enzymes enhance the 
tenderness of meat by degrading some of the myofibrillar structures. The most important and 
significant contribution to proteolytic changes in postmortem muscles are calpain enzymes 
(Aberle et al., 2012). In skeletal muscle, the calpain system consists of three proteases, 
ubiquitously expressed isoforms μ- calpain, m-calpain, and calpain 3, where μ- calpain and m-
calpain are calcium activated (Kemp et al., 2010). While calpain 3 is suggested to have limited 
effect on tenderness, μ- and m- calpains degrade key myofibrillar proteins including nebulin, 
titin, troponin-T, and desmin (Huff-Lonergan et al., 1996). When activated by an influx of 
calcium from the mitochondria and sarcoplasmic reticulum, calpains not only degrade substrates 
but μ- calpain also autolyzes, leading to an eventual loss of activity, indicating it plays the largest 
role in early-postmortem tenderization (Koohmaraie and Geesink, 2006). Additionally, μ- 
calpain requires less calcium to activate, thus making it less stable than m-calpain in aging 
muscles, indicating that m-calpain plays a larger role later in the postmortem aging process 
(Kemp et al., 2010). Ultimate pH can influence the level of calpain activity where a reduction in 
pH causes proteolytic enzymes to become less effective in their ability to breakdown 
myofibrillar proteins (Melody et al., 2004). Calpastatin is an inhibitor of calpains. As a result, 
high levels of calpastatin will result in a decrease of proteolysis.  
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 The second enzyme, cathepsins, have been disregarded in the contribution to meat 
tenderization because their main substrates are actin and myosin, which have minimal 
degradation during postmortem aging (Koohmaraie et al., 1991). Additionally, they are located 
in lysosomes, where they need to be released in order to degrade proteins. However, low pH and 
high carcass temperatures can disrupt lysosomal membrane allowing the release of cathepsins for 
degradation (O’Halloran et al., 1997).  
 The third enzyme, proteasomes, are ubiquitously expressed in the body and are abundant 
in skeletal muscle. Proteasome (26S) is ubiquitin and ATP dependent, once this has been 
depleted it dissociates into 19S and 20S proteasome. 20S proteasome does not require ATP or 
ubiquitin, meaning it can still be active during the postmortem aging period (Kemp et al., 2010). 
Lamare et al. (2006) reported that proteasome activity is still detectable at 7 days postmortem 
and at pH levels less than 6.0. Improvement in tenderness during postmortem aging is mostly 
due to proteolytic degradation of myofibrillar proteins and can be influenced by pH and carcass 
temperature. 
 Similar to most quality traits, tenderness can be measured objectively (instrumental 
tenderness) and subjectively (sensory taste panels). There are many different devices to measure 
tenderness of meat, however two of the most common devices are Warner-Bratzler shear force 
(WBSF) and slice shear force (SSF). Both devices measure the amount of force it takes to break 
through the muscles fibers. The more force it takes to break through the muscle fibers, the higher 
the force value and consequently tenderness decreases. Warner-Bratzler shear force 
measurements are measured on a core sample with muscle fibers running parallel and using a v-
notched blade, whereas SSF measurements are measured from a cross-sectional sample, still 
following muscle fiber orientation, using a flat blade. The threshold level to be considered tender 
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is 4.4 kg for WBSF and 20.0 kg for SSF (ASTM International, 2019). When measuring WBSF 
on carcasses with increased weights, studies have reported conflicting results. Cisneros et al. 
(1996), Beattie et al. (1999), and Latorre et al. (2004) observed no significant differences in 
WBSF values when comparing weights from 100 to 160 kg, 70 to 100 kg, and 116 to 133 kg, 
respectively. However, Piao et al. (2004) observed a 0.18 kg reduction in shear force values 
when comparing pigs weighing 100 to 130 kg. Harsh et al. (2017) observed a larger than 
expected 1.26 kg decrease in SSF per 10 kg increase in carcass weight. However, it is important 
to note that the changes in SSF for tenderness are reported in a greater magnitude than those 
from WBSF based on the threshold levels of tenderness. Durkin et al. (2012) observed a 
quadratic effect of live weight on WBSF where pigs weighing 140 and 160 kg had greater values 
compared to those weighing 120, 130, 150, and 170 kg. Additionally, Bertol et al. (2015) also 
observed a quadratic response with the minimum value estimated at 122 kg live weight when 
comparing pig weighing 100 to 145 kg. On the contrary, Martin et al. (1980), observed a small 
positive relationship between increasing carcass weights and shear force (r = 0.08), indicating a 
tougher product with weight increases.   
 Tenderness can be measured subjectively through trained and consumer sensory panels. 
Sensory tenderness involves the ease of initial penetration of the meat by the teeth, the ease of 
fragmentation by the meat, and the amount of residue remaining after chewing (Aberle et al., 
2012). There are minimal studies evaluating the effect of carcass weight on sensory tenderness 
and those that have report conflicting results. Park and Lee (2011) observed no differences in 
tenderness scores with increases in live weights. Piao et al. (2004) observed a 0.28 unit increase 
in tenderness scores when comparing pigs weighing 100 to 130 kg. On the contrary, Cisneros et 
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 Juiciness plays an important role in conveying overall impressions of palatability to 
consumers that can assist in fragmenting and softening meat during chewing. Similar to 
tenderness, juiciness can be measured subjectively through trained and consumer taste panels. 
Intramuscular lipids (marbling; discussed previously), and water-holding capacity (drip-loss and 
cooking loss; discussed previously) can influence sensory juiciness. During cooking, fat can 
become translocated along bands of perimysial connective tissue, which can act as a barrier to 
moisture loss (Aberle et al., 2012). However, water remaining in the cooked product is the major 
contributor of juiciness. Huff-Lonergan et al. (2002) reported that carcass weight was lowly 
correlated with juiciness scores (r = 0.09). Cisneros et al. (1996) and Park and Lee (2011) both 
observed no differences in juiciness scores from a trained panel when carcass weights increased. 
On the contrary, Piao et al. (2004) observed an increase of 0.32 units in juiciness scores when 
comparing pigs weighing 100 to 130 kg. 
Flavor profile 
 
 The perception of flavor involves the detection of five basic sensations (salty, sweet, 
sour, bitter, and umami) by nerve endings in taste buds on the tongue. Flavor of meat can be 
influenced by both different methods of cooking and different end-point cooking temperatures 
(Imafidon and Spanier, 1994). Meat flavor development can be affected by several antemortem 
(genetics, age, sex, nutrition, and fat composition) and postmortem (slaughter technique, carcass 
handling, aging, and cooking) factors. Flavor precursors of meat include non-volatile 
components and products of lipid oxidation and degradation, which make up a major portion of 
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the volatile components (Imafidon and Spanier, 1994). The phospholipids of muscle membranes 
can be directly exposed to oxygen, which is a major catalyst in the generation of compounds that 
contribute to the off-flavors in meat (Imafidon and Spanier, 1994). Inosine monophosphate 
(IMP) and hypoxanthine are products of the breakdown of ATP and can enhance flavor, thus 
muscles with large energy stores would have a more pronounced flavor (Aberle et al. 2012). 
Therefore, flavor is typically more intense in muscles that are involved in locomotion of the 
carcass such as the ham and shoulder. Additionally, flavor is developed during aging due to the 
destruction of mononucleotides. When meat is cooked, the flavor is also a product of a reaction 
between amino acids and reducing sugars known as the Maillard reaction (Baldwin, 2012). 
Additionally, the meaty flavor is due to the water-soluble compounds present in muscle and 
adipose tissue. Both pork flavor and off-flavor scores have been correlated with backfat and 
percent lipid (Huff-Lonergan et al. 2002). While it is common to measure and detect many 
different flavor descriptors for beef, in regards to pork, it is more common to just evaluate pork 
flavor and off-flavor. There has been minimal research on the effect of increased carcass weights 
on pork flavor or pork flavor descriptors. However, Huff-Lonergan et al. (2002) reported a weak 
correlation between carcass weight and off-flavor score (r = 0.14). Cisneros et al. (1996) reported 
no differences in off-flavor with live weights from 100 to 160 kg. In agreement, Park and Lee 
(2011) observed no differences in off-flavor as weights increased from 110 to 135 kg, 
respectively. On the contrary, Piao et al. (2004) reported that pigs weighing 100 kg had the 
lowest flavor score when compared to pigs weighing 110, 120, and 130 kg, indicating that pork 







End-point cooking temperature 
 
 Advances in pork production practices within the U.S. has diminished the fear of 
Trichinella spiralis, a parasite that can be transmitted from swine to humans when meat is not 
cooked properly. Therefore, it became clear decreasing cooking temperatures in pork no longer 
posed a threat to consumers. When chops were cooked to a lower degree of doneness they were 
more tender and juicy as rated by trained panelists (Rincker et al., 2008; Moeller et al., 2010). A 
combination of the aforementioned events led to the National Pork Board decreasing the 
recommended internal cooked temperature of pork from medium (71°C) to medium-rare (63°C) 
in 2011. Recently, Honegger et al. (2019) reported regardless of pH or quality grade (determined 
by visual color and visual marbling score), consumers rated chops cooked to 63°C as more 
tender, juicy and flavorful compared to chops cooked to a higher degree of doneness. It is clear 
that end-point cooking temperature has an immense impact on sensory traits, regardless of initial 
pork quality traits.  
CONCLUSION 
 
 Based on the historical upward trend of carcass weights in the U.S. it is important to 
understand how this may affect fresh pork quality and sensory traits. The biggest concern of 
increased weights is the potential for a slower rate of temperature decline and a greater presence 
of myopathies that could negatively affect pork quality and economically hinder the industry. 
Previous research on pork quality of heavy weight pigs within the industry has shown 
contradicting results. This may be due to the differences in genetics, nutritional diets, weight 
ranges compared, slaughter techniques, chilling rates and methods, aging, or cooking methods 
and temperatures. However, most studies have not evaluated carcasses with weights 
representative of those predicted in the future. Additionally, it is clear that pH and temperature 
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decline play a pivotal role in influencing many other pork quality traits and increasing carcass 
weights could potentially lead to a decrease in the rate of temperature decline. While increasing 
weights may not directly influence quality traits, through a trickle-down effect with pH and 
temperature decline, quality may become compromised. Therefore, the objective of this 
experiment was to evaluate the effects of increased carcass weights to an average of 119 kg on 
pork quality and sensory traits. The first study focused on carcass characteristics, muscle fiber 
types, and ham and loin quality from these heavy weight carcasses. The second study focused on 
tenderness, sensory traits (measured from two different taste panels) and the flavor profile of 
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CHAPTER 2: CHARACTERIZING HAM AND LOIN QUALITY AS HOT CARCASS 




 The objective was to characterize ham and loin quality of carcasses ranging from 78 to 
145 kg (average ~119 kg). Hot carcass weight (HCW), back fat depth, and loin depth was 
measured on 666 carcasses. Loin pH, instrumental and visual color and iodine value of clear 
plate fat (all 3 layers) was measured on approximately 90% of the population. Quality 
measurements of the ham, 14 d aged loin and chop, and loin chop shear force (SSF) were 
evaluated on approximately 30% of the population. Myosin heavy chain fiber type determination 
was completed on 49 carcasses. Slopes of regression lines and coefficients of determination 
between HCW and quality traits were calculated using the REG procedure in SAS and 
considered significantly different from 0 at P ≤ 0.05. As HCW increased, loin depth (ß1 = 0.2496, 
P < 0.0001), back fat depth (ß1 = 0.1374, P < 0.0001), loin weight (ß1 = 0.0345, P < 0.0001), and 
ham weight (ß1 = 0.1044, P < 0.0001) increased. Estimated lean (ß1 = -0.0751, P < 0.0001) and 
iodine value (ß1 = -0.0922, P < 0.0001) decreased as HCW increased, where HCW accounted for 
24% (R2 = 0.24) of the variation in estimated lean and 7% (R2 = 0.07) of the variation in iodine 
value. However, HCW did not explain variation in ham quality traits (P > 0.15) and did not 
explain more than 1% (R2 ≤ 0.01) of the variation in 1 d loin color or pH. Loins from heavier 
carcasses were more tender (decreased SSF; ß1 = -0.0674, P < 0.0001), although HCW only 
explained 9% of the variation in SSF. Hot carcass weight did not alter (P > 0.22) muscle fiber 
type percentage or area. These results suggest that increasing HCW to an average of 119 kg did 








 Between 1995 and 2018, average hot carcass weight of U.S. pork carcasses increased 
from 82 kg to 96 kg (USDA ERS, 2018), which is an increase of approximately 17%.  If current 
rates of carcass weight increases persist over time, the average pork carcass weight in the U.S. 
will be 105 kg by the year 2030 and over 118 kg by 2050. Although this represents an increase in 
throughput efficiency due to increases in economy of scale, projecting continued increases in 
weights in the future raises some concerns. The average live weight of broilers in the U.S. has 
increased by 0.73 kg since 1995, which is an increase of approximately 34% (USDA ERS, 
2018). This increase in broiler weight, along with increased growth rate, is often cited as the 
source of increased adverse muscle conditions such as woody breast syndrome, muscle striping, 
and pale, soft, and exudative (PSE) meat (Kuttappan et al., 2016). These conditions resulted in a 
poor eating experience and reduced consumer confidence of poultry. Therefore, the U.S. pork 
industry is concerned that increasing carcass weight of pigs will lead to similar issues of pork 
quality.  
 Slower chilled loins were paler in color, had less perceived marbling, but were more 
tender compared with loins that chilled more rapidly (Shackelford et al., 2012). Additionally, 
Arkfeld et al. (2016) reported that ham temperature decline lags behind loin temperature decline 
continuously throughout the chilling process and even at the time of fabrication at 22 h 
postmortem. Furthermore, loins and hams from carcasses weighing 105 kg chilled slower than 
loins and hams from carcasses weighing 85 kg (Overholt et al., 2019).  Therefore, the ability to 
chill carcasses appropriately may become compromised as carcass weight increases, ultimately 




 Harsh et al. (2017) characterized the influence of carcass weight on pork quality (Fig. 
2.1). However, the average HCW in that study was 96 kg, which may not be representative of 
carcass weights in the near and distant future. Therefore, the objective was to characterize ham 
and loin quality of carcasses with weights ranging from 78 through 145 kg, with a mean HCW of 
119 kg.  
MATERIALS AND METHODS 
 
The Kansas State University Institutional Animal Care and Use Committee approved 
protocols used in the live phase portion of the experiment. Pigs were slaughtered in a federally-
inspected facility. Meat purchased from that facility was transported to the U.S. Meat Animal 
Research Center (Clay Center, NE) and then to the University of Illinois Meat Science 
Laboratory (Urbana, IL).  
Pigs and Experimental Design  
Commercial pigs evaluated in this study were described in detail by Lerner et al. (2018) 
and used typical U.S. production practices to evaluate differences in space allowance and 
marketing strategy on growth performance in pigs heavier than the current average weight of 96 
kg (USDA, 2018). A total of 976 pigs (resulting from the matting of 327 boars to a Camborough 
female, PIC, Hendersonville, TN) were used in a 160 d growth study. Pigs were allotted into 6 
different treatment groups based on space allowance and marketing strategy. The first 4 
treatments reduced space allowance per pig via initial pen stocking density and had only one 
final marketing event. The 5th and 6th treatments consisted of different pig removal strategies. 
When pigs were removed due to illness or death, pen gates were adjusted. Pigs were provided ad 
libitum access to feed and water throughout the study. Diets were corn- and soybean meal-based 
and included 30 to 40% corn dried distiller’s grains with solubles until the final dietary phase. 
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Data were collected on 666 carcasses at the production facility. This represents the number of 
carcasses which at least one observation was recorded. Complete data collection was not 
achieved for any specific trait, leading to the discrepancy in total number of observations for 
each quality trait (Table 2.1). This population of pigs had a mean HCW of 119 kg and were used 
to assess the effect of increasing carcass weights on pork quality. 
Abattoir Data Collection  
Upon completion of the live phase portion of the experiment (Lerner et al., 2019), pigs 
were loaded on trucks and transported approximately 565 km to a USDA federally-inspected 
abattoir.  Pigs were provided ad libitum access to water but no access to feed during lairage. 
Time in lairage followed normal operating procedures of the abattoir. Pigs were slaughtered on 2 
separate days using CO2 immobilization and terminated via exsanguination. Immediately after 
evisceration, a sequential identification number was written on the shoulder of each carcass and 
the respective pen number (indicative of live animal space treatment) tattoo was recorded. 
Carcasses were measured for HCW, back fat depth, and loin depth. Back fat depth and loin depth 
were evaluated using the Fat-O-Meater probe (FOM; SFK Technology A/S, Herlev, Denmark) 
perpendicular to the muscle by starting at the most posterior rib and counting approximately 3 or 
4 ribs towards the anterior end. The FOM is an optical probe that measures the difference in light 
reflectance as it passes through fat and muscle tissue. Carcasses were held in the blast-chiller for 
approximately 120 minutes and then in equilibration bays until fabrication at 17 h postmortem. 
During temperature equilibration, one third of the carcasses were randomly identified for loin 
and ham quality evaluation. The vertebral column and the medial side of the ham were labeled 
with corresponding sequence numbers that matched the shoulder sequence for identification 
during fabrication. At approximately 17 h postmortem, carcasses were fabricated into whole 
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leg/fresh ham (NAMP number 401; NAMI, 2014) and bone-in loins (NAMP number 410; 
NAMI, 2014).  
Iodine Values 
As carcasses exited the blast chiller, approximately 3.81-cm-diameter adipose tissue 
cores (consisting of all 3 adipose layers) were collected from the clear plate (adipose tissue 
located over the scapula and cervical vertebra) near the dorsal midline of the left side of every 
carcass. Iodine values (IV) were measured using the near-infrared technology (Bruker, 2016). 
Hams 
 Legs (fresh hams, NAMP number 401; NAMI, 2014) with sequence numbers were 
collected and placed in combos to be weighed and evaluated for ham quality traits. Leg primal 
weight was recorded, and instrumental color (L*, a*, and b*) was measured with a Konica 
Minolta CR-400 colorimeter (Minolta Camera Company, Osaka, Japan) using D65 illuminant, 2° 
observer angle, and an 8-mm aperture on the gluteus medius of the ham face on 203 hams in the 
population. Additionally, pH was measured by penetrating the surface of the gluteus medius of 
the ham with a REED SD-230 pH meter (Reed Instruments, Wilmington, NC) fitted with a PHE-
2385 glass combo electrode (Omega Engineering, Inc., Stamford, CT).  
Loins 
 During loin fabrication, loins were cut into boneless Canadian back loins (NAMP number 
414; NAMI, 2014). An identifier button was placed in the ventral side of each loin. Visual 
muscle color (6-point visual scale; NPPC, 1999), marbling (10-point visual scale; NPPC, 1999), 
and subjective firmness (5- point subjective scale; NPPC, 1991) were evaluated on the ventral 
surface of the boneless loin on the boning and trimming line. An industry professional with over 
10 years of pork quality research experience conducted evaluations. Color, marbling, and 
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firmness scores were evaluated at the same location along the loin, the area of the 10th rib, to 
allow for consistent oxygenation of the loin muscle. Instrumental color (L*, a*, and b*) of the 
longissimus muscle (LM) was measured on the ventral side at approximately 25 and 75% the 
length of the loin using a Hunter Miniscan XE Plus colorimeter (Hunter Associates Laboratory, 
Inc., Reston, VA) with illuminant D65, 10° observer angle, and 25-mm port. Ultimate (>17 h 
postmortem) pH was measured by penetrating the surface on the ventral side at approximately 
the area between the 4th and 6th rib with a REED SD-230 meter (Wilmington, NC) fitted with a 
FC 200 B series electrode (Hanna Instruments; Woonsocket, RI). After 1 d postmortem 
evaluations on a single day of slaughter, a 2-cm-thick cross-section sample from 60 loins was cut 
from the posterior end of the M. longissimus lumborum, packaged in whirl pack bags, and 
transported in coolers to the University of Illinois for preparation for fiber type determination. 
A total of 278 boneless loins, 170 from day 1 and 108 from day 2, were vacuum-
packaged, boxed, and transported to the U.S. Meat Animal Research Center (USMARC). Upon 
arrival at MARC, loins were immediately placed on carts in a single-layer and ventral side up. 
Loins were weighed (scale was tarred to account for vacuum packaging bag) to record initial loin 
weight and were stored at 4°C until 14 d postmortem. At 14 d postmortem, loins were removed 
from the packaging and weighed to determine aged weight. Purge loss was calculated: [(initial 
weight, g – aged weight, g) / initial weight, g] × 100. At 14 d postmortem, loins were prepared 
for slicing with a Grasselli NSL 400 portion meat slicer (Grasselli SPA, Albinea, Italy; Fig. 2.2). 
The posterior end of each loin (approximately 4 cm-long) was removed by a straight cut 
perpendicular to the length of the loin at a point 5-cm posterior to the anterior tip of gluteus 
accessories. The anterior end of the loin was removed by a second cut made 396-mm anterior to 
the first cut leaving a 396-mm-long center-cut loin section that fits the width of the Grasselli 
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NSL 400 portion meat slicer. This approach maximized yield of chops with the greatest 
proportion of their mass/cross-sectional area comprised of longissimus lomborum and excluded 
chops with a high proportion of their mass/cross-sectional area comprised of other muscles 
(spinalis dorsi, multifidus dorsi, gluteus medius, and gluteus accessorius). Additionally, this 
approach standardized anatomical location of chop assignment across loins. Chops were 
numbered starting from the anterior end with chop 1, proceeding to the posterior end with chop 
13 and designated to either slice shear force (SSF) or quality measurements (Fig. 2.2). 
Slice Shear Force 
Chops 4 and 6 were used for determination of SSF. Immediately after cutting, fresh 
(never frozen) chops were weighed to record initial weight. The following day (15 d 
postmortem), chops were cooked using a belt grill (Magigrill, model TBG60; MagiKitch’n Inc., 
Quakertown, PA) to a desired internal temperature of 71°C. Cooked chops were weighed and 
cooking loss was calculated: [(initial weight, g – cooked weight, g) / initial weight, g] × 100. 
Slice shear force was measured using the procedures of Shackelford et al. (2004) on both chops. 
Immediately after cooking, a 1-cm-thick, 5-cm-long slice was removed from each chop parallel 
to the muscle fibers. Each sample was sheared once with a flat, blunt-end blade using an 
electronic machine (TMS-PRO Texture Measurement System; Food Technology Corporation; 
Sterling VA). The SSF values from the 2 chops were then averaged, providing one SSF value for 
chops cooked to 71°C and used for all analyses (Table 2.2). 
Aged Quality  
Chops 2 (anterior) and 11 (posterior) were used to measure muscle color (6-point visual 
scale; NPPC, 1999), marbling (10-point visual scale; NPPC, 1999), and firmness (5- point 
subjective scale; NPPC, 1991) after 2 h of oxygenation and values were averaged for the two 
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chops. Instrumental color (L*, a*, and b*) was measured on both chops using a Hunter Miniscan 
XE Plus colorimeter (Hunter Associates Laboratory, Inc., Reston, VA) with illuminant D65, 10° 
observer angle, and 25-mm port. Ultimate pH was measured by penetrating the surface of each 
chop with a REED SD-230 meter (Wilmington, NC) fitted with a FC 200 B series electrode 
(Hanna Instruments; Woonsocket, RI). Measurements from both chops were averaged and 
average values are reported. Following this, chops 2 and 11 were vacuum packaged, frozen, and 
transported to the University of Illinois Meat Science Laboratory for intramuscular extractable 
lipid determination (Table 2.2).  
Proximate Composition 
Chops used for analysis of moisture and extractable lipid were allowed to partially thaw 
at 22°C, taking care to prevent exudation. This was done by not allowing the chops to reach 
ambient temperature and all purge was included in the blender during homogenization. Chops 
were trimmed of all subcutaneous fat and secondary muscles before homogenization in a 
Cuisinart (East Windsor, NJ) food processor. The homogenate was used to determine moisture 
and extractable lipid content. Briefly, 10-g samples were weighed in duplicate and placed in a 
drying oven at 110°C for at least 24 h. After drying, samples were weighed to quantify moisture 
loss and lipid was extracted using an azeotropic mixture of chloroform and methanol (87:13) as 
described by Novakofski et al. (1989). Samples were returned to the drying oven for at least an 
additional 24 h before collecting a lipid extracted weight. Moisture and extractable lipid 
percentages were determined by the differences between initial weight, dried weight, and 





Myosin Heavy Chain Fiber Type Determination 
            As described above, samples were collected from loins from a single slaughter day (day 
1). Loins for myosin heavy chain fiber type determination represented carcasses with HCW 
ranging from 97 to 133 kg. Upon arrival at the University of Illinois, samples were excised from 
the loin with muscle fiber orientation running parallel to each other, frozen in liquid nitrogen-
cooled isopentane and stored at -80°C until further analysis. Samples were cut to no more than 
30-µm- thick sections on a cryostat (Reichert-Jung Cryocut 1800, Leica Microsystems Inc., 
Buffalo Grove, IL); thickness was adjusted for each individual sample to optimize image quality. 
A total of 2 consecutive sections for each sample were placed on separate glass slides. 
Immunofluorescence was used to distinguish skeletal muscle fiber types. Slides were first 
blocked with a 10% normal goat serum for 60 minutes at approximately 24°C. Primary 
antibodies (Developmental Hybridoma Bank, Iowa City, IA) of unique antibody isoform 
structure targeted myosin heavy chain (MHC) isoforms 1 (BA-F8, IgGb2, 1/50) and 2a/X (SC-
71, IgG1, 1/100) were used on slide A and 1/2a (BF-35, IgG1, 1/100) and 2b (BF-F3, IgM, 1/10) 
were used on slide B. Secondary antibodies conjugated to 3 distinct Alexa Fluor (Life 
Technologies) dyes differentiated fiber types (A-21145, Alexa Fluor 594, 1/100; A-21121, Alexa 
Fluor 488, 1/100; A-21426, Alexa Fluor 555, 1/100) were used between both slides with slide A 
having Alexa Fluor 594 and 488 and slide B having Alexa Fluor 488 and 555 (Fig. 2.3). Slides 
were rinsed in three 1X PBS (Phosphate Buffered Saline 10X; BioWittaker Lonza, Switzerland) 
washes after each incubation step. An Advanced Microscopy Group Evos Florescent Microscope 
(model AMF-4306-US; Life Technologies) with total magnification of 295X was used to 
visualize florescence and capture 2 representative images from each section that were used to 
determine fiber type composition and fiber type cross-sectional area (CSA; Fig. 2.3). On one 
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image a scale equal to 400 nm was placed using the microscope. Prior to computer analysis, this 
scale was traced in Adobe Photoshop (Adobe Systems Inc.) to determine the ratio of pixels to 
actual distance (400 nm). This was done 3 times and the average of the 3 ratios generated was 
used in the analysis of every slide to convert pixels to nm. Cells were traced in Photoshop to 
determine average CSA for each fiber type.  
Statistical Analysis  
Summary statistics were calculated using the MEANS procedure of SAS. Predictive 
ability of HCW was calculated for each dependent variable using the regression (REG) 
procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC). Coefficients of determination (R2) and 
the slope of each regression line were calculated as a means to predict trends in quality attributes 
and were considered significantly different from 0 at P ≤ 0.05.  
RESULTS 
 
          Carcass weights in the current study represent the projected HCW among commercial pigs 
in the U.S. pork supply in 2050. The population represented a 67 kg range in HCW, from 78.46 
to 145.12 kg and a mean weight of 118.80 kg (Table 2.1). Evaluated quality parameters exhibited 
commercially relevant ranges with a gluteus medius lightness range of 36.95 to 58.50, ventral 
loin pH range of 5.49 to 6.66, ventral loin visual color score range of 2.0 to 5.0, and SSF range of 
6.92 to 20.67 kg (Table 2.2).  
Carcass Characteristics  
 Heavier carcasses had increased loin depth (ß1 = 0.2496, P < 0.0001; Fig. 2.4A) and back 
fat depth (ß1 = 0.1374, P < 0.0001; Fig. 2.4B), where HCW accounted for 13% (R
2 = 0.13) of the 
variation of loin depth and 21% (R2 = 0.21) of back fat depth. With these increases in back fat 
depth and loin depth, there was a decrease in estimated lean as HCW increased (ß1 = -0.0751, P 
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< 0.0001; Fig. 2.4C), which accounted for 24% (R2 = 0.24) of the variation. Additionally, there 
was a decrease in iodine value as carcass weight increased (ß1 = -0.0922, P < 0.0001; Fig. 2.4D), 
however, HCW only accounted for 7% (R2 = 0.07) of the variation in iodine value.  
Hot Carcass Weight and Ham Quality 
 Heavier carcasses produced heavier pork leg (fresh ham) primals (ß1 = 0.1044, P < 
0.0001; data not shown in tabular form), where HCW explained 73% (R2 = 0.73) of variation in 
ham weight. There were no significant differences observed in gluteus medius pH (ß1 = 0.0009, 
P = 0.30; Fig. 2.5A) or instrumental lightness (ß1 = 0.0301, P = 0.15; Fig. 2.5B), redness (ß1 = -
0.0036, P = 0.73; Fig. 2.5C) or yellowness (ß1 = 0.0058, P = 0.57; Fig. 2.5D) as carcass weight 
increased.  
Hot carcass Weight and Early Postmortem Loin Quality 
 Similar to hams, heavier carcasses resulted in heavier boneless Canadian back loins (ß1 = 
0.0345, P < 0.0001; data not shown in tabular form), where carcass weight explained 45% (R2 = 
0.45) of the variation in loin weight. However, there were no significant differences in early aged 
ventral loin pH (ß1 = -0.0003, P = 0.52; Fig. 2.6A) as carcass weight increased. As carcass 
weight increased, 1 d loin instrumental yellowness (b*) increased (ß1 = 0.0092 P < 0.01; Fig. 
2.6D), however HCW only explained 1% (R2 = 0.01) of the variation in b*. Moreover, no 
differences were observed in any other instrumental color parameter: lightness (ß1 = 0.0084, P = 
0.34; Fig. 2.6B) or redness (ß1 = 0.0029, P = 0.47; Fig. 2.6C). There were also no differences in 
visual appraisals: color (ß1 = -0.0024, P = 0.32; Fig. 2.7A), marbling (ß1 = -0.0005, P = 0.88; Fig. 





Hot Carcass Weight and Chop Quality 
 Heavier carcasses resulted in heavier chops, [4 and 6, (ß1 = 1.6626, P < 0.0001; Fig. 
2.8A)], explaining 46% (R2 = 0.46) of variation in chop weight. As HCW increased, chops 
became more tender, indicated by reduced SSF (ß1 = -0.0674, P < 0.0001; Fig. 2.8B). Carcass 
weight also predicted less cook loss (ß1 = -0.0512, P < 0.0001; Fig 2.8C), with heavier carcasses 
compared with lighter carcasses. However, HCW only explained 9% (R2 = 0.09) of the variation 
in SSF values and 15% (R2 = 0.15) of the variation in cook loss percentage. As carcass weight 
increased there were no significant differences in any chop quality parameters such as, 14 d pH 
(ß1 = -0.0008, P = 0.35; Fig. 2.9A), visual color (ß1 = 0.0035, P = 0.15; Fig. 2.9B), marbling (ß1 = 
0.0015, P = 0.40; Fig. 2.9C), or firmness (ß1 = 0.0010, P = 0.40; Fig. 2.9D). As carcass weight 
increased, there were no significant differences in chop moisture percentage (ß1 = -0.0030, P = 
0.44) and chop lipid percentage (ß1 = 0.0026, P = 0.56; data not shown in tabular form).   
Hot Carcass Weight and Muscle Fiber Type 
 Loins used for fiber type determination had a mean carcass weight of 119 kg with a range 
from 97.51 to 133.33 kg (Table 2.3). There were no significant differences in the percentage of 
fiber type 1 (ß1 = -0.0170, P = 0.81; Fig. 2.10A), 2a (ß1 = -0.0786, P = 0.23; Fig. 2.10B), 2x (ß1 = 
-0.0201, P = 0.80; Fig. 2.10C), or 2b (ß1 = 0.1224, P = 0.37; Fig. 2.10D) as carcass weight 
increased. 
 Although, fiber type 2a area tended to decrease as carcass weight increased (ß1 = -
40.7257, P = 0.07; Fig. 2.11B), there were no significant differences in total fiber area (ß1 = -
26.1387, P = 0.33; data not shown in tabular form), type 1 area (ß1 = -26.6331, P = 0.22; Fig. 
2.11A), type 2x (ß1 = -46.9459, P = 0.25; Fig. 2.11C), or type 2b (ß1 = -26.2537, P = 0.38; Fig. 





 With the current historical and upward trend in pork carcass weights, the objective of this 
study was to characterize pork quality of carcasses with a mean weight of 119 kg. Harsh et al. 
(2017) attributed little variation in pork quality to increasing HCW. However, the average 
carcass weight of pigs evaluated in this study were much heavier than was used in the 2017 study 
by Harsh et al. (119 kg vs. 96 kg).  
 It is important to acknowledge the lack of variation in ham and loin quality attributed to 
HCW, regardless of the slope of linear regression lines demonstrated between HCW and quality 
attributes. Coefficients of determination (R2) provide more information regarding the usefulness 
of a linear regression line and act as a calculation for the percentage of variation in a dependent 
variable that can be explained by the independent variable (HCW for this study) (Taylor, 1990). 
Therefore, R2 values were used in this study to interpret the observed relationships more 
thoroughly. The original hypothesis was that increasing carcass weights would create differences 
in chilling rates and overall size (weight) would cause variation in muscle fiber types, which 
could have a negative impact on muscle quality and potentially reduce muscle quality or even 
introduce myopathies. However, with the increase in HCW there were anticipated increases in 
primal weights but also slight improvement in loin chop tenderness and cook loss.   
 Wu et al. (2017) reported that for every 10 kg increase in live weight, back fat depth 
increased by 1.8 mm and fat free lean decreased by 0.78 units. Similarly, in this study, there was 
approximately a 1.38 mm increase in back fat and a 0.75 unit decrease in estimated lean for 
every 10 kg increase in carcass weight. However, it is important to note that Wu et al. (2017) 
reported live weight, while the present study reported carcass weight. As carcass weight 
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increases, we would expect an increase in primal and sub primal weights, which was observed in 
the present study. 
 Harsh et al. (2017) reported that heavier carcasses resulted in darker and redder ham face 
color, however carcass weight was not predictive of pH or instrumental color of the gluteus 
medius in this population of pigs. Although, statistical differences were reported by Harsh et al. 
(2017), HCW only accounted for 0.47% of the variation in gluteus medius L* values and ≤ 
0.39% of the variation in a* values. Similarly, in the present study, HCW only accounted for less 
than 1.0% (R2 < 0.01) of the variation in the gluteus medius L* values and a* values.   
 In the present study, there was no significant difference in pH due to increasing carcass 
weights. This is in contrast with the majority of published literature, which has observed a 
decrease in pH as carcass weight increases (Harsh et al., 2017; Wu et al., 2017). Additionally, in 
the present study, there were no significant differences in either instrumental lightness or 
redness, as well as, visual color measurements as carcass weight increased. This agrees with 
Durkin et al. (2012) who reported a slaughter weight range of 120 to 170 kg and Park and Lee 
(2011) who reported a slaughter weight range of 110 to 140 kg, where neither reported 
differences in instrumental lightness (L*) when comparing lighter carcasses to heavier carcasses. 
In contrast, Harsh et al. (2017) reported a 1.9 unit decrease in L* over the 80-kg range from 53 to 
129 kg of hot carcass weight. Still, this is less than a full NPPC visual color score change. Park 
and Lee (2011) and Virgili et al. (2003) reported no significant difference in redness values (a*) 
with increasing carcass weight, which is in agreement with findings in the present study. 
However, it is important to note that Virgili et al. (2003) fabricated carcasses while they were 
still warm and then chilled the primal cuts at -2°C for 24 hr. In the present study, instrumental 
yellowness (b*) increased as carcass weight increased, where HCW only accounted for < 2% of 
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the variation in loin instrumental yellowness values. In agreement, Durken et al. (2012) reported 
an increase of 0.1 unit in yellowness values (b*) per 10 kg live weight increase. Though no 
differences with visual color were detected in the present study, Harsh et al. (2017) reported 
darker loins, indicated by an increase in visual color score, as carcass weight increased. In 
contrast, Correa et al. (2006) demonstrated that slaughter weight had no impact on visual color 
scores (Japanese color standards), although the weight range in this study was 107 to 125 kg for 
live weight. Overall, with increased carcass weights, there were no detrimental effects on loin 
pH, instrumental or visual color observed where HCW only explained approximately 1% of this 
variation in the present study.  
 In agreement with Harsh et al. (2017), tenderness of loin chops in the current population 
improved as carcass weight increased. There was a 0.67 kg decrease in SSF for every 10 kg 
increase in HCW. Wu et al. (2017) reported the effect of HCW on Warner-Bratzler shear force 
was inconclusive because of directionality differences among studies reviewed. Previously, 
Shackelford et al. (2012) reported that slower chilled loins were more tender compared with 
loins that chilled more rapidly. Additionally, Overholt et al. (2019) reported that loins from 
heavier carcasses chilled slower than loins from lighter carcasses. Therefore, it is interesting to 
speculate that loins from heavier carcasses in the present study chilled more slowly and this 
contributed to the improvement in tenderness observed. However, other factors such as 
sarcomere length, connective tissue content or solubility, or postmortem proteolysis may also 
contribute to differences in tenderness; those factors were not measured in the present study. 
Overall, HCW only accounted for approximately 9% of the variation reported in tenderness 
values meaning there are several other factors that also contribute to tenderness in pork loins.  
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 Water holding capacity is affected by both pH and chilling method, therefore heavier 
carcasses present potential issues with reduced chilling rates. However, water-holding capacity 
of loins and chops appeared to be unaffected and even improved in this study. Both Durkin et al. 
(2012) and Harsh et al. (2017) observed a reduction in cook loss of LM chops from heavier pigs. 
Likewise, Wu et al. (2017), who included studies with live weights ranging from 92 kg to 182 
kg, reported that heavier carcasses had LM chops with less drip loss. The average effect was 
small with only a 0.1 percentage unit reduction in drip loss for every 10-kg increase in slaughter 
weight. In the present study, a reduction of 0.51 percentage units in cook loss was observed for 
every 10-kg of increase in carcass weight, where HCW explained 15% of this variation. 
          In the present study, there were no significant differences noted between either 
percentages of fiber types or fiber type areas within the LM as carcass weight increased. Total 
fiber number and fiber type composition of skeletal muscle are important to carcass 
characteristics and meat quality in pigs (Rehfeldt et al., 2000). Previous reports have correlated 
muscle fiber area of different fiber types to pork quality attributes like pH and color (Kim et al. 
2018). However, in the present study, the lack of differences in muscle fiber types of the loin 
supports the lack of loin quality differences. Although there were no differences observed in 
muscle fiber size of the current study, total fiber number of the LM was not measured. Miller et 
al., (1975) reported that porcine muscle mass and growth rate are associated more with muscle 
fiber number than fiber size. Therefore, the increased loin weight at heavier hot carcass weight 
may be a result of increased muscle fiber number more than muscle hypertrophy.    
CONCLUSION 
 
 Hot carcass weight has been trending upward for several years causing concern in the 
U.S. pork industry that these increased weights may result in poorer quality pork. The results of 
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the current study suggest those concerns are unfounded as increasing hot carcass weight had no 
or limited impact on pork quality traits such as pH, instrumental or visual color, water-holding 
capacity, or tenderness. Although the current study observed slope estimates that differed from 0 






Table 2.1. Population summary statistics of carcass characteristics 
       
Variable  Number Mean Minimum Maximum SD CV  
Hot carcass weight, kg 666 118.80 78.46 145.12 10.47 8.81 
Fat depth, mm1 612 16.18 7.60 27.60 3.12 19.26 
Loin depth, mm1 612 67.64 45.20 89.60 7.25 10.71 
Estimated lean, %2 612 53.19 48.41 58.30 1.61 3.02 
Iodine value3 591 69.51 58.74 81.93 3.74 5.38 
Ham, kg 203 13.98 10.93 16.96 1.29 9.25 
% of HCW4 203 23.38 20.08 27.14 1.20 5.13 
Boneless Loin, kg 613 4.67 3.19 6.60 0.54 11.56 
        % of HCW4 613 7.85 5.56 11.21 0.69 8.74 
1Measured using a Fat-O-Meater probe (FOM; SFK Technology A/S, Herlev, Denmark) 
2Estimated Lean was calculated using the equation: % Lean = ((15.31 - (31.277 x (BF, mm/25.4)) + (3.813 x (LD, mm/25.4)) + (0.51 x HCW, lb)) 
/ HCW) x 100 
3Iodine Values were measured using the Bruker Method 
4 Calculated by multiplying each primal weight by 2 (to account for both carcass sides). % of HCW = (2(primal weight)/HCW) x 100
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Table 2.2. Population summary statistics of ham and loin quality 
       
Variable  Number Mean Minimum Maximum SD CV  
Ham Quality       
Instrumental color1       
Lightness, L* 203 44.83 36.95 58.50 3.12 6.96 
Redness, a* 203 10.05 6.37 14.43 1.56 15.51 
Yellowness, b* 203 1.84 -2.18 5.82 1.52 82.78 
Gluteus medius pH 202 5.67 5.25 6.13 0.13 2.29 
Loin quality       
1-d pH 613 5.69 5.49 6.66 0.11 2.00 
1-d Instrumental color1       
Ventral lightness, L* 613 54.20 47.11 63.47 2.27 4.18 
Ventral redness, a* 613 8.32 5.35 12.06 1.02 12.21 
Ventral yellowness, b* 613 13.43 10.37 15.93 0.85 6.33 
1-d NPPC visual quality2       
Ventral color 613 3.32 2.0 5.0 0.61 18.31 
Ventral marbling 613 2.15 1.0 6.0 0.90 41.99 
Ventral firmness 613 2.39 1.0 4.0 0.77 32.11 
Average chop wt, g 276 240.79 161.25 304.68 26.36 10.95 
Chop quality       
14-d pH 276 5.51 5.18 6.35 0.15 2.66 
14-d NPPC visual quality2       
Color 276 3.02 1.5 5.0 0.43 14.35 
Marbling 276 1.54 1.0 3.0 0.32 20.67 
Firmness 276 2.90 2.0 3.0 0.21 7.25 
Slice shear force, kg3 276 10.95 6.92 20.67 2.46 22.50 
Cook loss, % 276 18.09 13.30 23.94 1.43 7.89 
Moisture, % 277 73.92 70.79 76.61 0.70 0.95 
Extractable lipid, % 277 2.12 0.47 5.78 0.81 38.27 
1L* measures darkness to lightness (greater L* value indicates a lighter color). a* measures redness 
(greater a* value indicates a redder color). b* measures yellowness (greater b* value indicates a more 
yellow color). 
2NPPC color using the 1999 standards, half point scale where 1 = visually palest; and 6 = visually darkest. 
NPPC marbling using the 1999 standards where 1 = visually the least marbling and 6 = visually the most 
marbling.   NPPC firmness using the 1991 standard where 1 = softest and 6 = firmest. 
3Value represents the average from chop 4 and 6. 
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Table 2.3. Population summary statistics of fiber type determination 
       
Variable  No. Mean Minimum Maximum SD CV  
Hot carcass weight, kg1 49 119.05 97.51 133.33 8.93 7.50 
Fiber Type2       
MHC1, % 49 10.34 2.36 19.41 4.11 39.72 
MHC2A, % 49 10.26 0.96 17.08 3.84 37.49 
MHC2X, % 49 12.92 4.35 25.33 4.64 35.88 
MHC2B, % 49 66.29 50.00 83.97 7.99 12.05 
Fiber Area2       
Total, nm2 49 7298 4577 11433 1572.8 21.6 
MHC1, nm2 49 4141 2087 7614 1272.1 30.7 
MHC2A, nm2 49 4559 2476 8141 1331.4 29.2 
MHC2X, nm2 49 8152 4674 15369 2377.3 29.2 
MHC2B, nm2 49 8081 5332 12164 1740.6 21.5 
1Range of carcass weight represented by loins selected for fiber type determination 
2MHC1 = myosin heavy chain isoform 1; MHC2A = myosin heavy chain isoform 2a; MHC2X = myosin heavy 






Figure 2.1. Frequency of observations of carcass weights from Harsh et al., (2017) 
(doi:10.2527/jas2017.1674) with a mean HCW of 95 kg and from the current study with a mean 
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Figure 2.3. Representative images of cross-section immunofluorescent analysis of loin muscle fibers. Both images were used as 
references to each other to determine fiber type. Fibers that appeared red in (A) and blue in (B) were considered type 1, fibers that 
appeared light green in (A) and blue in (B) were considered type 2a, fibers that appeared unstained in (A) and red in (B) were 



















Figure 2.4. Effect of carcass weight (HCW) on carcass characteristics. The traits evaluated include (A) loin depth, (B) back fat depth, (C) 
estimated lean, and (D) iodine values. Data are depicted as the linear regression of the trait using carcass weight as the independent 
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Figure 2.5. Effect of carcass weight (HCW) on 1 day postmortem ham quality. The traits evaluated include (A) gluteus medius pH, (B) 
gluteus medius lightness L*, (C) gluteus medius redness a*, and (D) gluteus medius yellowness b*. Data are depicted as the linear 
regression of the trait using carcass weight as the independent variable. Coefficients of determination included on figures where the slope 
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Figure 2.6. Effect of carcass weight (HCW) on early aged (1 day postmortem) loin quality. The traits evaluated include (A) loin ventral 
pH, (B) loin ventral lightness L*, (C) loin ventral redness a*, and (D) loin ventral yellowness b*. Data are depicted as the linear 
regression of the trait using carcass weight as the independent variable. Coefficients of determination included on figures where the slope 
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y = 12.3460 + 0.0092(HCW)       R2 = 0.0127; P = 0.0053D
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Figure 2.7. Effect of carcass weight (HCW) on early aged (1 day postmortem) loin quality. The 
traits evaluated include (A) loin visual color scores, (B) loin visual marbling scores, and (C) loin 
subjective firmness scores. Data are depicted as the linear regression of the trait using carcass 
weight as the independent variable. Coefficients of determination included on figures where the 
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y = 1.8586 + 0.0044(HCW)      R2 = 0.0037; P = 0.13C
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Figure 2.8. Effect of carcass weight (HCW) on aged (14 day postmortem) chop quality. The 
traits evaluated include (A) chop weight, (B) slice shear force (SSF), (C) 71°C cook loss. Data 
are depicted as the linear regression of the trait using carcass weight as the independent variable. 
Coefficients of determination included on figures where the slope of linear regression lines were 
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Figure 2.9. Effect of carcass weight (HCW) on aged (14 day postmortem) chop quality. The traits evaluated include (A) chop 14-d 
pH, (B) chop 14-d visual color scores, (C) chop 14-d visual marbling scores, and (D) chop 14-d subjective firmness scores. Data are 
depicted as the linear regression of the trait using carcass weight as the independent variable. Coefficients of determination included 
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y = 2.7817 + 0.0010(HCW)      R2 = 0.0026; P = 0.40D
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Figure 2.10. Effect of carcass weight (HCW) on fiber type determination. The traits evaluated include (A) type 1 percentage, (B) type 
2a percentage, (C) type 2x percentage, and (D) type 2b percentage. Data are depicted as the linear regression of the trait using carcass 
weight as the independent variable. Coefficients of determination included on figures where the slope of linear regression lines were 

















Hot Carcass Weight (HCW), kg















Hot Carcass Weight (HCW), kg

















Hot Carcass Weight (HCW), kg
















Hot Carcass Weight (HCW), kg






Figure 2.11. Effect of carcass weight (HCW) on fiber type determination. The traits evaluated include (A) type 1 area, (B) type 2a 
area, (C) type 2x area, and (D) type 2b area. Data are depicted as the linear regression of the trait using carcass weight as the 
independent variable. Coefficients of determination included on figures where the slope of linear regression lines were different from 
zero (P < 0.05). 
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 The objective of this study was to determine the effects of carcass weights, with a range 
of 78 to 145 kg and an average of 118 kg, on pork tenderness and sensory traits when cooked to 
71°C and 63°C. Boneless loins (n = 278) were selected from a population of heavy weight pigs 
as explained by Lerner et al. (2018). Loin purge loss, slice shear force, sensory traits (tenderness, 
juiciness, and flavor), and cook loss percentage were measured on chops cooked to both 71°C 
and 63°C. Additionally, flavor profile traits (beef, brown/roasted, bloody/serumy, fat-like, 
metallic, liver-like, umami, overall sweet, sweet, sour, salty, bitter, rancid, heated oil, chemical, 
musty/earthy/hummus, spoiled-putrid, and buttery were measured on chops cooked to 71°C. 
Slopes of regression lines and coefficients of determination between HCW and sensory traits 
were calculated using the REG procedure in SAS and considered significantly different from 0 at 
P ≤ 0.05. As HCW increased, chops became more tender as evidenced by a decrease in SSF 
(71°C ß = -0.0674, P < 0.0001; 63°C ß = -0.0217, P = 0.0167) and an increase in panel scores 
(71°C ß = 0.0270, P < 0.0001; 63°C ß = 0.0202, P < 0.0001). Water-holding capacity increased 
with carcass weights demonstrated by decreased loin purge loss (ß = -0.0110, P = 0.0005) and  
decreased cook loss (71°C ß = -0.0512, P < 0.0001; 63°C ß = -0.0287, P < 0.0001). However, 
HCW explained less than 7% of the variation for any flavor profile trait. These results suggest 
that increasing HCW resulted in a slight improvement in tenderness and water-holding capacity 








 The pork industry has seen an upward trend in hot carcass weights since 1995, where the 
average weight has increased from 82 to 96 kg, representing a 17% increase (USDA ERS, 2018). 
If this rate of 0.6 kg increase per year remains steady, carcasses are projected to reach over 105 
kg by 2030 and 118 kg by 2050 in the U.S. This raises some concerns about chilling capabilities 
for heavier carcasses and the impact that heavy carcass weights may have on pork tenderness and 
sensory traits. 
 Overholt et al. (2019) reported that loins from carcasses weighing 105 kg chilled slower 
than those from carcasses weighing 85 kg. A study by Shackelford et al. (2012) reported that 
slower chilled loins were paler in color with less perceived marbling; however, they were more 
tender than loins that were chilled more rapidly. As HCW increased to an average of 119 kg, 
most loin quality traits (pH, visual appraisals, and instrumental color) were not affected (Price et 
al., 2019), but tenderness increased for chops cooked to 71°C as evidenced by a decrease in slice 
shear force (SSF). Additionally, chops from heavier carcasses cooked to 71°C were rated as 
more tender and juicy by consumers (Rice et al. 2019). 
 Sensory evaluation is used to evaluate the eating quality differences and to quantitate or 
identify the sensory properties in meat (Miller and Prusa, 1998). The major descriptive attributes 
are tenderness, juiciness, and flavor intensity. Tenderness and juiciness are two of the most 
influential pork quality traits used by consumers to evaluate their eating experience (Enfält et al., 
1997). Slower chilling rates can compromise pH decline, by increasing the rate of decline, which 
can affect water-holding capacity, color, and tenderness in pork (Rees et al., 2002). 
With the trend of increased HCW, it is important to understand how this may affect 
sensory traits of pork loin chops. While it is known that increased carcass weight improves 
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tenderness, it is unclear whether this improvement will stay consistent with different degrees of 
doneness or whether loins from heavier carcasses will possess a different flavor profile.  
Therefore, the objective of this study was to determine the effects of increased carcass weights, 
with a range of 78 to 145 kg and an average of 118 kg, on pork tenderness and sensory traits 
when cooked to 71°C and 63°C.  
MATERIALS AND METHODS 
 
 Protocols used in the live phase portion of the experiment were approved by the Kansas 
State University Institutional Animal Care and Use Committee. Pigs were slaughtered in a 
federally-inspected facility under the supervision of the USDA Food Safety and Inspection 
Service. Meat was purchased from the production facility and then transported to the USDA 
Meat Animal Research Center (Clay Center, NE) for slice shear force and trained sensory panels 
and the University of Illinois Meat Science Laboratory (Urbana, IL) for trained sensory panels.  
Pigs and Experimental Design 
 A total of 976 pigs (resulting from the mating of PIC 327 boars to Camborough females, 
PIC, Hendersonville, TN) were used in a 160 d growth study to evaluate differences in space 
allowance and marketing strategy on pigs heavier than the current average weight of 96 kg 
(USDA, 2018). More details on the live experiment are explained in Lerner et al. (2018). A total 
of 677 pigs were sent to a USDA federally-inspected plant, where data was captured on 666 
carcasses as explained by Price et al. (2019).  
Abattoir Data Collection 
 Procedures at the abattoir were described in detail by Price et al. (2019).  In short, pigs 
were loaded on trucks and transported approximately 565 km to a USDA federally-inspected 
abattoir upon the completion of the live phase portion of the experiment (Lerner et al., 2018). 
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Pigs were provided ad libitum access to water but no access to feed during lairage. Pigs were 
slaughtered on 2 separate days using CO2 immobilization and terminated via exsanguination. 
Immediately after evisceration, a sequential identification number was written on the shoulder of 
each carcass and the respective pen number (indicative of live animal space treatment) tattoo was 
recorded for future reference. Carcasses were measured for HCW and carcasses were chilled for 
at least 17 h before being fabricated into bone-in loins (NAMP number 410; NAMI, 2014). Of 
the 666 carcasses slaughtered at the production facility, 278 loins were collected and used to 
assess the effect of increasing carcass weight on tenderness and sensory characteristic (Table 
3.1). 
Loins 
 During loin fabrication, loins were cut into boneless Canadian back loins (NAMP number 
414; NAMI, 2014) and an identifier button was placed in the boneless center-cut of each loin. 
Following this, 278 boneless loins, 170 from day 1 and 108 from day 2, from carcasses ranging 
from 78.46 through 145.12 kg, were vacuum packaged, boxed, and transported to the USDA 
Meat Animal Research Center (MARC). Upon arrival, loins were weighed and then stored at 4° 
C until 14 d postmortem. After aging, loins were removed from the packaging and weighed. 
Purge loss was calculated using [(initial weight, g – aged weight, g) / initial weight, g] × 100. At 
14 d postmortem, loins were prepared for slicing using a Grasselli NSL 400 portion meat slicer 
(Grasselli SPA, Albinea, Italy) following the procedures outlined by Price et al. (2019). Chops 
were numbered from the anterior end with chop 1, proceeding to the posterior end with chop 13 





Slice Shear Force 
Chops 3, 4, 5 and 6, were used for determination of slice shear force (SSF). Following the 
procedures outlined by Shackelford et al. (2004), SSF was measured on 2 chops for each desired 
internal temperature. Immediately after cutting, fresh (never frozen) chops were weighed to 
record initial weight. The following day (15 d postmortem), chops were cooked using a belt grill 
(Magigrill, model TBG60; MagiKitch’n Inc., Quakertown, PA). To achieve a targeted internal 
temperature of 71°C, chops 4 and 6 were cooked with belt grill settings of top heat = 163°C, 
bottom heat = 163°C, preheat = 149°C, height = 2.16 cm, and cook time = 5.25 min. To achieve 
a targeted internal temperature of 63°C, the same belt grill settings were used except cook time 
was 4.00 min. Immediately after the chops exited the belt grill, a needle thermocouple probe 
(Omega Hypodermic Needle Probes; Stamford, CT) was inserted into the geometric center of 
each chop and endpoint temperature was determined using a digital thermometer (Oakton Temp 
10k Thermocouple Thermometer; Edison, NJ). After each chop reached maximal internal 
temperature, which occurred approximately 2 minutes after the chops exited the belt grill, the 
endpoint temperature was recorded for each chop and the chops were weighed and cooking loss 
was calculated: [(Initial weight, g – cooked weight, g) / initial weight, g] × 100. After cooking 
and weighing, a 1-cm-thick, 5-cm-long slice was removed from each chop parallel to the muscle 
fibers. Each sample was sheared once with a flat, blunt-end blade using an electronic testing 
machine (TMS-PRO Texture Measurement System; Food Technology Corporation; Sterling 
VA). The SSF values from the 2 chops assigned to each temperature end point were then 
averaged, giving one SSF for chops cooked to 63°C and one SSF for chops cooked to 71°C used 





Trained Sensory Panels on Chops Cooked to 63°C 
 From each loin, chop 8 (approximately 18 cm posterior to the spinalis dorsi muscle) was 
used for trained sensory testing. Chops were placed into 4 different bins based on HCW and 
were assigned to sensory sessions using an incomplete randomized block schedule of chops for 
each sensory panel, generated using the OPTEX procedure in SAS (SAS Inst. Inc., Cary, NC) 
with 8 chops per panel. Chops were placed into bins based off HCW to ensure equal 
representation of HCW throughout panels with each panel consisting of chops representing each 
weight bin. Testing consisted of a 6-member panels of students and staff selected from a pool of 
experienced and trained panelist at the University of Illinois. Panelists were trained for 
tenderness, juiciness, and pork flavor. Tenderness and juiciness training was completed by 
cooking a pork tenderloin to 71 °C and several different pork chops (enhanced and not enhanced) 
to different degrees of doneness (63 °C - medium-rare, 71 °C - medium, and 80 °C - well-done). 
Flavor training was completed by cooking a pork blade steak to an internal temperature of 71 °C. 
As a collective group, panelists determined a respective anchor for tenderness, juiciness, and 
flavor. 
 Chops for sensory evaluation were allowed to thaw for approximately 24 h prior to each 
panel evaluation by placing the vacuum-packaged chops in a refrigerator at 4°C. To follow the 
recent cooking guidelines published by the National Pork Board, all chops were cooked to a 
medium-rare degree of doneness (63°C) with a 3-min rest after reaching the final internal 
temperature using a Farberware Open Hearth grill (model 455N; Walter Kidde, Bronx, NY). 
Internal temperature was monitored during cooking using copper-constantan thermocouples 
(Type T; OMEGA Engineering, Stamford, CT) placed in the geometrical center of each chop and 
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connected to a digital scanning thermometer (model 92000-00; Barnant Co., Barrington, IL).  
Chops were cooked on one side to an internal temperature of 31°C, flipped, and then cooked 
until they reached an internal temperature of 63°C. Immediately after reaching 63°C internal 
temperature, chops were removed from the grill. At the conclusion of the 3-min rest period, 
subcutaneous fat and edges were removed from each chop and the remaining portion was cut 
using a sample sizer into approximately 1-cm cubes that did not contain visible connective 
tissue. Panelists were placed in individual, breadbox-style booths with red lights to mask color 
differences between samples. Tenderness, juiciness, and flavor were measured on a 15-cm 
anchored scale (0 = extremely tough, extremely dry, or no pork flavor and 15 = extremely tender, 
extremely juicy, or very intense pork flavor). Each panelist received unsalted saltine crackers and 
apple juice for palate cleansing between samples. Each panelist was provided 2 cubes per sample 
on a paper plate. The study consisted of 18 sampling days and 278 samples. Sessions were held 
at least 1 h apart to reduce sensory fatigue. Results from all 6 panelists from each chop were 
averaged for use in data analyses. 
Trained Sensory Panels on Chops Cooked to 71°C 
 From each loin, chops 7 and 9 were used for trained sensory evaluation. Chops were 
thawed for 24 h a 5°C and cooked in the same manner as for SSF to a target of 71°C. Following 
cooking, cook loss was calculated from each chop following the procedures and equations for 
SSF. Chops were trimmed of subcutaneous fat and edges then placed in a pexiglass guide to be 
cut into 1 cm X 1 cm X chop thickness cubes. Cubes were randomly selected and placed in a 
white paper cup with a 3-digit random code and served to panelists. Testing consisted of a 10-
member panel of trained panelists at the USDA Meat Animal Research Center seated in 
individual booths with red lights to prevent bias upon color. Panelists were served a “warm-up” 
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sample, which was from an additional chop from the same loin as one of the test samples for that 
day. Tenderness and juiciness were measured on an 8-point scale (1 = extremely tough/extremely 
dry, 2 = very tough/very dry, 3 = moderately tough/moderately dry, 4 = slightly tough/slightly 
dry, 5 = slightly tender/slightly juicy, 6 = moderately tender/moderately juicy, 7 = very 
tender/very juicy, 8 = extremely tender/extremely juicy). Additionally, panelists evaluated 18 
flavor profile traits  as described by Adhikari et al. (2001) (major: beef, brown/roasted, 
bloody/serumy, fat-like, metallic, liver-like, umami, overall sweet, sweet, sour, salty, bitter; 
minor: rancid, heated oil, chemical, musty/earthy/hummus, spoiled-putrid, and buttery were 
measured on a 15-point scale (15 = extreme intensity of that flavor note). A total of 35 panel 
days with 8 samples per day and 2 samples from each of the four weight bins represented in each 
panel were completed.  
Statistical Analysis 
 
 Summary statistics were calculated using PROC MEANS of SAS. Predictive ability of 
HCW was calculated for each dependent variable using the regression procedure of SAS (version 
9.4; SAS Inst. Inc., Cary, NC). Coefficients of determination (R2) and the slope of each 
regression line determined to predict trends in tenderness and sensory attributes were considered 
significantly different from 0 at P ≤ 0.05. 
RESULTS 
 
Hot Carcass Weight and Water Holding Capacity 
 Loins from heavier carcasses had decreased loin purge loss (ß1 = -0.0110, P = 0.005; not 
shown in tabular form), where HCW accounted for 4% (R2 = 0.0434) of the variation. Chops 
from heavier carcasses had less cook loss when cooked to either 71°C (ß1 = -0.0512, P < 0.0001; 
Fig. 3.2B) and 63°C (ß1 = -0.0287, P < 0.0001; Fig. 3.2D) compared with lighter carcasses. 
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However, HCW only accounted for approximately 15% (R2 = 0.1484) of the variation in cook 
loss of chops cooked to 71°C and 9% (R2 = 0.0852) of the variation in chops cooked to 63°C.  
Hot Carcass Weight and SSF 
 Tenderness of chops increased with HCW when cooked to both 71°C (ß1 = -0.0674, P < 
0.0001; Fig. 3.2A) and 63°C (ß1 =-0.0217, P = 0.0167; Fig. 3.2C) as indicated by decreased SSF. 
However, HCW only explained 9% (R2 = 0.0864) of the variation in chops cooked to 71°C and 
2% (R2 = 0.0207) of the variation in chops cooked to 63°C.  
Hot Carcass Weight and Trained Sensory Panels  
 A total of 552 chops were used in trained panels to measure sensory traits (Table 3.2). 
Trained panels conducted at the University of Illinois with chops cooked to 63°C, demonstrated 
an improvement in tenderness as hot carcass weight increased (ß1 = 0.0202, P < 0.0001; Fig. 
3.3A), where HCW explained approximately 8% (R2 = 0.0790) of the variation in tenderness. 
However, no relationships between juiciness (ß1 = 0.0049, P = 0.1797; Fig. 3.3B) or pork flavor 
(ß1 = -0.0004, P = 0.71517; Fig. 3.3C) and hot carcass weight were observed.   
 Similarly, trained panels conducted at USDA Meat Animal Research Center with chops 
cooked to 71°C, demonstrated an improvement in tenderness (ß1 = 0.0270, P < 0.0001; Fig. 
3.4A) as well as juiciness (ß1 = 0.0234, P < 0.0001; Fig. 3.4B), as HCW increased. However, 
HCW only explained approximately 16% (R2 = 0.1603) of the variation in tenderness and 19% 
(R2= 0.1877) of the variation in juiciness. Additionally, relationships between hot carcass weight 
and various flavor profiles including: brown/roasted (ß1 = -0.023, P < 0.0001), buttery (ß1 = 
0.011, P < 0.0001), fat-like (ß1 = 0.0101, P = 0.0033), bloody (ß1 = 0.0053, P = 0.0146), musty 
(ß1 = -0.0023, P = 0.0156), heated oil (ß1 = 0004, P = 0.0325), and overall sweet (ß1 = 0.0033, P 
= 0.048) (Table 3.3) were observed. Overall, HCW explained less than 7% (R2 < 0.0676) of the 
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variation in all flavor profiles. There were no relationships observed between carcass weight and  
the flavor profiles including: liver (ß1 = -0.0009, P = 0.0.0525), bitter (ß1 = -0.0023, P = 0.0702), 
sweet (ß1 = 0.0029, P = 0.1048), umami (ß1 = 0.0035, P = 0.245), chemical (ß1 = -0.0016, P = 
0.2477), spoiled (ß1 = -0.0016, P = 0.2935), rancid (ß1 = -0.0022, P = 0.3107), metallic (ß1 = -
0.0013, P = 0.4674), sour (ß1 = -0.0018, P = 0.4816), and salty (ß1 = 0, P = 0.9915) (Table 3.3). 
DISCUSSION 
 
  Due to the current trend of increasing pork carcass weights, the objective of this study 
was to characterize pork tenderness and sensory traits of pork chops cooked to 71°C and 63°C 
from carcasses with weights ranging from 78 to 145 kg with a mean weight of 118 kg. Previous 
reports from this same population of pigs have noted improved tenderness with increased hot 
carcass weight (Price et al., 2019; Rice et al., 2019). However, the effect of carcass weight on 
tenderness of chops cooked to 63°C and the influence of carcass weight on trained sensory panel 
evaluations has yet to be reported. The original hypothesis was that with increased carcass 
weights, sensory traits had the potential to be affected due to compromised chilling rates and 
variation in muscle fiber types. However, the current study observed slight improvements in loin 
chop tenderness, juiciness and water-holding capacity. 
 Coefficients of determination (R2) provide more information regarding the usefulness of 
a linear regression line and act as a calculation for the percentage of variation in a dependent 
variable (sensory traits) that can be attributed to the independent variable (HCW) (Taylor, 1990). 
Therefore, R2 values were used in the present study to interpret the relationships observed more 
thoroughly and to evaluate the practical implications that increasing carcass weight may have on 
sensory traits. Regardless of the slope of the linear regression lines demonstrated, it is important 
to acknowledge the lack of variation in sensory traits attributed to HCW. The maximum R2 for 
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HCW of any trait measured in this study was 0.1877. This emphasized the lack of differences 
between light and heavyweight carcasses with regard to eating quality traits.   
 Chilling method and pH can affect water-holding capacity. Elevated muscle temperatures 
that remain high in the early postmortem period can lead to increased incidents in pale, soft, and 
exudative (PSE) meat (Fernandez et al., 1994). Therefore, potential issues with reduced chilling 
rates in heavier carcasses may compromise water-holding capacity. Previously, drip loss 
increased approximately 0.29 percentage units for every 10 kg increase in live weight (Cisneros 
et al. 1996; Park and Lee 2011) and 0.34 percentage units for every 10 kg increase in carcass 
weight (Virgili et al. 2003). However, both Durkin et al. (2012) and Harsh et al. (2017) observed 
a reduction in cook loss in chops from heavier carcasses. In the present study, water-holding 
capacity of loins and chops appeared to be either unaffected or slightly improved for loin purge 
loss and chop cook loss. A reduction ranging from 0.1 to 0.5 percentage unit was observed for 
every 10 kg increase in carcass weight, but HCW explained less than 15% of the variation in 
water-holding capacity. Overall, these results should alleviate the concern for potential reduced 
chilling rates of heavier carcasses negatively affecting water-holding capacity.   
 In agreement with Harsh et al. (2017), as carcass weight increased, tenderness of chops 
cooked to 71°C increased. In the current study, there was a 0.67 kg decrease in SSF for every 10 
kg increase in carcass weight. Chops cooked to 63°C also exhibited increased tenderness with 
increasing HCW, however the decrease in SSF was only 0.22 for every 10 kg increase in carcass 
weight. Overall, hot carcass weight attributed less than 9% of the variation in SSF for either 
degree of doneness. However, chops cooked to 71°C had about three times the magnitude 
increase in tenderness and four times the variation explained by HCW compared with chops 
cooked to 63°C. Therefore, it is interesting to speculate that slower chilling rates in heavier 
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carcasses contributed to the improvement in tenderness observed when end-cooking point is 
increased to 71°C. In a review of studies on increased carcass weight, Wu et al. (2017) reported 
that the effect of HCW on Warner-Bratzler shear force was inconclusive due to conflicting 
results. Given the low amount of variability and the myriad other factors that also contribute to 
differences in tenderness, the lack of effect of HCW reported by Wu et al. (2017) is consistent 
with the present study.  
 There are limited studies that have evaluated sensory traits on heavy pigs and they have 
reported contradicting results. Cisneros et al. (1996) observed a 0.15 unit decrease in tenderness, 
determined by a trained taste panel, for every 10 kg increase in live weight ranging from 100 to 
160 kg. However, Huff-Lonergan et al. (2002) observed an increase in juiciness as carcass 
weight increased. Contrary to those findings, Park and Lee (2011) reported no changes in 
sensory characteristics on cooked chops with an increase in carcass weight ranging from 116 to 
133 kg. In the present study, there was a 0.2 unit increase in tenderness scores for chops cooked 
to 71°C and 63°C for every 10 kg increase in carcass weight.  Additionally, chops cooked to 
71°C had a 0.2 unit/10 kg increase in juiciness scores. 
 The effects carcass weight on the extended flavor profile of pork chops has been 
minimally researched. Both Park and Lee (2011) and Huff-Lonergan et al. (2002) observed an 
increase in the presence of off-flavor as live and carcass weights increased. While the current 
study observed differences in multiple flavor profile variables, HCW explained less than 7% of 
the variation in these flavors. This indicates that increasing carcass weight will have minimal 
effects on the flavor profile of loin chops. 
CONCLUSION 
 The current upward trend of increased carcass weights has recently raised some concerns 
in the U.S. pork industry on how sensory traits might be affected. The current study provides 
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results that should lessen these concerns and suggests increasing carcass weights had no or 
limited impact on pork tenderness or sensory traits. In fact, increasing carcass weights lead to a 
slight improvement in tenderness and juiciness. While the current study observed slope estimates 
that differed from 0 for most traits, the predicted change would not result in extreme differences 





Table 3.1. Population summary statistics  
       
Variable  No. Mean Minimum Maximum SD CV  
Hot Carcass Weight, kg 276 118.07 78.46 145.12 10.74 9.10 
Loin Weight (boneless), kg 276 4.68 3.19 6.35 0.57 12.16 
Loin Purge Loss, % 276 1.05 -0.02 3.29 0.57 54.14 
Slice Shear Force (71°C), kg1 276 10.95 6.91 20.67 2.46 22.50 
Cook Loss (71°C), %1 276 18.09 13.3 23.94 1.43 7.89 
Slice Shear Force (63°C), kg2 276 10.35 7.04 16.51 1.62 15.67 
Cook Loss (63°C), %2 276 12.49 9.18 17.15 1.05 8.44 
1Value represents the average from chop 4 and 6. 
2Value represents the average from chop 3 and 5.
86 
 
Table 3.2. Sensory traits summary statistics 
       
Vaiable No. Mean  Minimum Maximum  SD CV 
University of Illinois Trained Panels1       
    Tenderness 276 9.62 6.87 11.83 0.77 8.06 
    Juiciness 276 9.08 6.92 10.78 0.66 7.22 
    Flavor 276 1.86 1.35 2.48 0.21 11.03 
MARC Trained Panels2       
    Tenderness3 276 6.23 3.5 7.7 0.72 11.66 
    Juiciness3 276 5.91 3.53 7.22 0.58 9.83 
    Beef4 276 0 0 0 0 . 
    Brown Roasted4 276 3.55 1.56 7.44 0.95 26.85 
    Bloody4 276 1.25 0.33 2.11 0.39 30.83 
    Fat Like4 276 1.33 0.38 3.11 0.61 46.12 
    Metallic4 276 0.73 0 1.8 0.32 44.38 
    Liver4 276 0.03 0 0.56 0.08 261.82 
    Umami4 276 3.1 1.56 4.33 0.53 17.24 
    Overall Sweet4  276 0.85 0.11 1.57 0.3 34.72 
    Sweet4 276 0.98 0.11 1.86 0.32 32.54 
    Sour4 276 0.83 0 2.11 0.45 53.88 
    Salty4 276 1.79 0.7 3.11 0.5 27.97 
    Bitter4 276 0.25 0 1.1 0.22 89.98 
    Rancid4 276 0.53 0 2.1 0.39 74.03 
    Heated Oil4 276 0.6 0.1 2.2 0.33 55.40 
    Chemical4 276 0.26 0 1 0.24 91.93 
    Musty4 276 0.18 0 1 0.17 95.65 
    Spoiled4 276 0.11 0 3.56 0.27 255.85 
    Buttery4 276 1.6 0.4 3 0.5 31.07 
1Value represents evaluations from chop 8 on a 15-cm anchored scale (0 = extremely tough, extremely dry, or no 
pork flavor and 15 = extremely tender, extremely juicy, or very intense pork flavor). 
2Value represents the average evaluations from chop 7 and 9. 
3 Value represents evaluations on an 8-point scale (1 = extremely tough/extremely dry, 2 = very tough/very dry, 3 = 
moderately tough/moderately dry, 4 = slightly tough/slightly dry, 5 = slightly tender/slightly juicy, 6 = moderately 
tender/moderately juicy, 7 = very tender/very juicy, 8 = extremely tender/extremely juicy). 
4 Value represents evaluations on a 15-point scale (15 = extreme intensity of that flavor note).
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Table 3.3. Effect of hot carcass weight on chop flavor profile 
    
Variable  P-value R2  Slope 
MARC Trained Panels1    
   Buttery  < 0.0001 0.057 0.011 
   Brown/Roasted < 0.0001 0.0676 -0.023 
   Beef 0 0 0 
   Fat Like 0.0033 0.031 0.0101 
   Bloody 0.0146 0.0216 0.0053 
   Musty 0.0156 0.0211 -0.0023 
   Heated Oil 0.0325 0.0166 0.004 
   Overall Sweet 0.048 0.0142 0.0033 
   Liver 0.0525 0.0136 -0.0009 
   Bitter 0.0702 0.0119 -0.0023 
   Sweet 0.1048 0.0096 0.0029 
   Umami 0.245 0.0049 0.0035 
   Chemical 0.2477 0.0049 -0.0016 
   Spoiled 0.2935 0.004 -0.0016 
   Rancid 0.3107 0.0037 -0.0022 
   Metallic 0.4674 0.0019 -0.0013 
   Sour  0.4816 0.0018 -0.0018 
   Salty 0.9915 0 0 





Figure 3.1. Illustration of the standardized loin used to assign chops to various meat quality measurements. 
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Figure 3.2. Effect of carcass weight (HCW) on aged (14 day postmortem) chop tenderness and cook loss. The traits evaluated include 
(A) slice shear force (SSF) cooked to 71°C, (B) cook loss percentage of chops cooked to 71°C, (C) slice shear force (SSF) cooked to 
63°C, and (D) cook loss percentage of chops cooked to 63°C. Data are depicted as the linear regression of the trait using the carcass 
weight as the independent variable. Coefficients of determination included on figures where the slope of linear regression lines were 
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Figure 3.3. Effect of carcass weight (HCW) on sensory traits of chops cooked to 63°C. The traits 
evaluated include (A) tenderness, (B) juiciness, and (C) pork flavor. Data are depicted as the 
linear regression of the trait using the carcass weight as the independent variable. Coefficients of 
determination included on figures where the slope of linear regression lines were different from 
zero (P < 0.05).  
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Figure 3.4. Effect of carcass weight (HCW) on sensory traits of chops cooked to 71°C. The traits 
evaluated include (A) tenderness and (B) juiciness. Data are depicted as the linear regression of 
the trait using the carcass weight as the independent variable. Coefficients of determination 
included on figures where the slope of linear regression lines were different from zero (P < 0.05).  
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